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SUMMARY 


This  paper  reviews  the  use  of  motivational  techniQues  in  human  perfor¬ 
mance  research  and  presents  an  example  study  employing  a  reward-penalty 
structure  to  simulate  the  motivations  inherent  in  a  real-world 
situation.  The  influence  of  motivation  on  human  performance  has  been  an 
issue  since  the  beginning  of  behavioral  science.  Most  often,  motivation  is 
controlled  through  procedures  designed  to  minimize  its  influence  as  an  uncon¬ 
trolled  variable.  Driver  behavior  in  a  decision-making  driving  scenario  was 
Studied . 

The  task  involved  control  of  an  instrumented  car  on  a  cooperative  test 
course.  Subjects  were  penalized  monetarily  for  tickets  and  accidents  and  re¬ 
warded  for  saving  driving  time.  Two  groups  were  assigned  different  ticket 
pe.nalties.  The  zroup  with  the  highest  penalties  tended  to  drive  more  conser¬ 
vatively  However,  the  average  total  payoff  to  each  group  was  the  same,  as 
the  conservative  drivers  traded  off  slower  driving  times  with  lower  ticket 
penalties. 


INTRODUCTION 


Reward-penalty  structures  have  existed  since  the  beginning  of  experimen- 
t-‘ion  and  th“  effects  of  such  structures  have  evolved  into  a  separate  area 
of^psearch.  As  early  as  1922,  A.  M.  Johanson  observed  the  effects  of  re¬ 
wards  and  penalties  on  reaction  times.  These  classic  results  Uited  in  Ref. 
1)  are  shown  in  Fig.  1.  Researchers  have  examined  the  moti-’ational  aspects 
(Sgfs  2-6)  looked  at  rewards'  distracting  effects  (Refs.  7-10),  and 
looked  at  the  positive  effects  of  rewards  (Refs  11  and  12).  What  does  this 
experimentation  mean,  and  how  can  the  researcher  of  today  utilize  the  efforts 

of  others? 


Subject  motivation  is  a  primary  concern  in  any  experimen' 
subject  motivated  to  come  back  for  12  experimental  sessions; 
subject  motivated  to  respond  as  quickly  as  possible;"  or  "we 
motivated  to  respond  in  a  manner  ooasistehL  .llh  ms 
behavior."  Rewards  and  penalties  play  an  important  part  in 


t.  '*We  want  the 
cr  ”we  want  the 
want  the  subject 
or  her  noraai 
this  motivation. 
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Figure  Change  in  the  Distribution  of  Reaction 
Time  Under  the  Influence  of  Incentives.  Auditory 
stimulus.  In  the  ’’incentive  series”  0  was  informed 
of  his  last  RT;  in  the  "punishment  series"  he  re¬ 
ceived  a  shock  in  the  finger  when  the  reaction  was 
at  all  slow.  Each  curve  shows  the  distribution  of 
3600  single  reactions  obtained  from  three  Os  whose 
times  were  nearly  the  same.  (Adapted  from  Ref.  7) 


To  assess  reward-penalty  structures  with  regard  to  their  consequences, 
and  to  develop  a  structure  for  a  given  experiment,  requires  a  basic  knowledge 
of  the  literature,  terminology,  and  present  methodologies.  This  caoer  is  a 
review  of  the  present  boay  of  knowledge  with  an  emphasis  on  reward-penalty 
design  consequences  for  human  performance  research. 


?Rr.VI0US  RESEARCH 


Definitions 


The  distinction  between  intrinsic  and  extrinsic  motivation  should  be  an 
important  consideration  when  designing  a  rewa:*  1-penaity  structure.  If  a  per¬ 
son  chooses  to  work  a  series  of  complex  mathematical  problems  because  of  per¬ 
sonal  enjoyment,  then  the  "perceived  locus  of  causality"  (Ref.  6)  is  inter¬ 
nal,  and  the  task  is  intrinsically  motivating.  If,  however,  the  person 
chooses  to  work  the  problems  to  gain  an  external  reward,  and  the  "perceived 
locus  of  causality"  is  external,  then  the  task  is  extrinsically  motivating 
(fiefs.  5,  6,  •3-’5). 


Deci  (Refs,  2  and  3;,  Deci, 
(Ref.  ‘'6),  all  point  out  tnat 
e  either  extrinsically  mctivctii 
0  have  the  structure  of  neutral 


Benware,  and  Landy  (Ref.  4),  and  Edwards 
reward-penalty  structures  can  be  designed  to 
:g  or  neutral.  If  the  experimenter  chooses 
influence  on  the  subject,  and  at  the  same 
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time  achieve  high  subject  motivation,  it  becomes  necessary  to  use  a  task  that 
has  been,  or  can  be,  shown  to  be  intrinsically  interesting  to  the  subject  po¬ 
pulation.  If  the  choice  is  to  have  a  structure  that  makes  the  reward  or  pen¬ 
alty  contingent  on  performance,  or  in  some  other  way  extrinsically  motivat¬ 
ing,  then  the  choice  of  experimental  task  is  of  secondary  consideration.  It 
has  been  shown  by  Lepper  and  others  (Refs.  3,  -3,  and  14)  that  subjects 
performing  tasks  of  high  intrinsic  motivation,  receiving  extrinsic  rewards, 
perceive  the  locus  of  causality  to  be  external,  and  show  low  intrinsic  moti¬ 
vation. 


Purpose  of  Rewards  and  Penalties 

As  pointed  out  by  Edwards  (Ref.  16),  rewards  and  penalties  can  serve 
three  purposes:  1)  motivators,  2)  information  givers,  and  3)  instructions. 

If  the  subject  is  rewarded  only  for  participation  in  an  experiment,  then  the 
reward  serves  as  a  motivator;  the  subject  will  perceive  the  locus  of  causali¬ 
ty  as  internal,  and  the  experimental  task  will  be  intrinsically 
motivating.  If  the  reward-penalty  structure  is  changed,  and  task  performance 
is  rewarded  the  reward  or  penalty  will  serve  as  information,  in  addition  to 
any  motivating  influence  it  has.  If  the  experimental  task  is  solving  complex 
mathematical  problems,  and  the  subject  is  paid  hourly  for  experimental  parti¬ 
cipation,  then  task  performance  is  unrelated  to  the  reward,  and  the  reward's 
purpose  is  that  of  a  motivator.  If  the  reward  is  increased  as  a  function  of 
problem  completion  time,  or  number  of  problems  solved,  the  reward  takes  on 
the  additional  quality  of  an  information  giver.  In  this  case  it  is  important 
to  note  that  correct  response  is  not  required. 

If  correct  response  is  required  for  a  reward  increase,  or  incorrect  res¬ 
ponse  is  punished,  the  reward  also  serves  as  an  instruction.  In  this  case 
the  reward  not  only  provides  motivation  and  information,  it  now  tells  the 
subject  the  relative  desirability  of  a  specific  response.  Withholding  the 
reward  until  the  completion  of  the  experiment  does  net  alter  its  motivational 
or  instructional  qualities.  Because  the  reward  is  performance  related,  with¬ 
holding  payment  (or  information  about  the  reward  ’’earned”)  only  eliminates 
the  informational  feedback  quality. 


Form  of  Rewards  and  Penalties 

Rewards  and  penalties  can  take  many  forms,  and  the  type  of  reward  or  pen¬ 
alty  chosen  by  the  experimenter  should  be  an  important  part  of  the 
reward-penalty  design.  The  overall  effect  of  the  reward  or  penalty  needs  to 
be  assessed  prior  to  its  introduction  in  the  experiment.  For  example,  Deci 
(Ref.  2)  found  that  monetary  rewards  caused  a  decrease  in  intrinsic  motiva¬ 
tion,  while  rewards  by  use  of  verbal  reinforcement  caused  an  increase. 
McCloskey  (Pef.  17),  in  her  work  with  staff  turnover  rates,  found  that  psy¬ 
chological  rewards  such  as  recognition,  help  from  peers,  and  educational  op¬ 
portunities  were  more  important  in  keepim  an  rnan  salary  or  job 
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benefits;  and  that  money  alone  would  not  keep  an  employee.  Viesti  (Ref.  18) 
found  that  on  an  insightful  learning  task  pay  made  no  difference  in  oerfor- 


One  of  the  most  commonly  used  rewards  is  money.  M^ny 
examined  the  advantages  and  pitfalls  of  this  reward  form, 
can  be  of  great  assistance  in  developing  a  reward-penalty 


researchers  have 
and  their  findings 
structure. 


Money  seems  to  provide  the  best  balance  between  response 
aniels,  et  al.(Ref.  found  that  response  speed  remained 

drastic  reduction  in  error  rate  was  observed  when  real  instea 
money  was  used.  Slovic,  Lichtenstein,  and  Edwards  (Ref.  19} 
jects  employed  simpler  decision  strategies  in  an  imaginary 
than  with  real  payoffs.  Also  Slovic  (Ref.  20)  found  that  wh 
nypotheticai  choices,  they  maximized  gain  and  discounted 
when  their  choices  had  real  consequences,  the  subjects  were 
cautious. 


and  error  rate, 
constant,  but  a 
‘d  of  imaginary 
found  that  sub- 
ncentive  design 
en  subjects  made 
esses;  however, 
onsiderabiy  more 


The  researc.her  s.hould  be  cautioned  by  the  work  of  Greenber’g  (.Ref  2M 
^d  Levent.hal  and  Whiteside  (Ref.  22),  however.  They  have  shtwn  ‘that  mone- 
^ary  rewaru  can  ..e  used  to  motivate  performance,  but  that  ove-^reward  is  fre- 
quently  employed.  In  some  cases  the  overrewarding  tendency  was  so  strong 
wia  higher  rewards  were  given  to  lower  performing  workers.  Fur'-hermore 

rewards  .ay  draw  atter.tiod  fro.  the 


expsrlmental  study 


findings  clearly  shew  the  need  for  approoriate 
re«ard-penal:y  designs,  both  in  form  and  magnitude.  The  foil-winff 

interactiorl  show  hoi  this  J^f'^Luo^'^  ca; 
be  used  to  create  a  reward-penalty  structure. 


In  a  study  concerning  the  effec 
behavior,  two  separate  experiments 
fixed-base  driving  simulator  (Hef. 
vehicle  designed  for  the  Maticnal  H 
24). 


ts  of  alcohol  on  drivers'  dec: 
weie  conducted.  The  first  w; 
2t )  and  the  seco.nd  in  an 
ighway  Traffic  Safety  Administ 


•Sion  making 
s  run  in  cur 
instrumented 
ration  (Ref. 


In  both  experiments  the  subject  was  required 
nario  in  both  sober  and  intoxicated  states.  The 
the  r ec u t r em en t s ,  design,  ^nd  e^^^cts 
reward-penalty  structure. 


to  complete  a 
following  is  a 
variations  in 


driving  sce- 
orief  discus- 
nctivational 


Reward-Penalty  Structure 


Driving  in  the  real  world  is  motivated  by  a  variety  of  counteracting  in¬ 
centives.  Drivers  wish  to  minimize  trip  time  but  avoid  tickets  and  acci¬ 
dents.  Driving  behavior  is  influenced  by  these  motivations,  particularly  in 
risk-taking/decision-making  tasks.  In  order  to  encourage  real-world-like  be¬ 
havior  we  must  attempt  to  simulate  the  real-world  incentives.  The  problem 
with  simulating  typical  driving  incentives  is  that  they  include  some  diffi¬ 
cult— to— quantify  variables,  such  as  the  subjective  value  of  time  gained  by 
driving  faster  and  the  subjective  fear  of  low  probability  events  such  as  auto 
crashes.  Negative  reinforcement  with  electric  shock  is  a  classical  experi¬ 
mental  technique  and  might  serve  to  simulate  the  pain  of  an  acclaent,  but 
this  technique  is  difficult  to  quantify  and  recent  subject  welfare  guidelines 
make  it  unattractive.  In  a  recent  aircraft  landing  experiment  involving 
pilot  decision  making  (Ref.  25),  the  experimenters  went  so  far  as  to  inform 
their  pilot  subjects  that  they  would  be  eliminated  from  the  experiment  in  the 
event  they  crashed  in  order  to  make  them  as  averse  to  crashes  as  they  would 
be  in  real  life.  However,  this  approach  would  be  logically  awkward  in  this 
study  because  we  would  lose  selected  and  trained  subjects  and,  furthermore, 
the  majority  of  driving  accidents  do  not  involve  fatalities. 

The  traditional  method  of  quantifying  incentives  for  experimental  control 
is  to  relate  them  to  some  well-defined  variable  with  interval  properties  by 
measuring  Indifference  curves  (Refs.  26  and  27).  The  most  well-defined, 
widely  studied,  and  widely  used  norm  is  money,  primarily  because  of  its  in¬ 
terval  properties  and  interchangeability.  Money  has  some  limitations;  for 
example,  the  decision-making  behavior  has  been  shown  to  be  confounded  by  the 
subject’s  financial  status.  However,  this  can  be  experimentally  controlled 
by  controlling  the  knowledge  of  results  (Ref.  26).  In  general,  the  addi¬ 
tional  experimental  effort  required  to  scale  other  disincentives  (e.g., 
shock,  loud  noises,  etc.)  has  led  to  widespread  use  of  money  for  rewards  and 
punishments  in  decision-making  experiments. 

In  both  experiments  the  reward-penalty  structures  had  multiple  require¬ 
ments.  A  major  concern  was  that  the  subject  complete  the  driving  scenario  in 
a  normal  manner,  with  a  reasonable  motivation  for  timely  progress  and  a  de¬ 
sire  to  avoid  tickets  and  accidents;  that  is,  we  wanted  the  subject  to  drive 
as  if  the  driving  situation  were  being  experienced  in  the  real  world.  A  sec¬ 
ond  requirement  was  that  the  subjects  return  for  participation  in  six 
full-day  experimental  sessions.  Finally,  we  chose  to  alter  the  penalty 
structure  in  the  experiment  to  determine  the  behavioral  effects  of  increased 
ticket  penalty  on  the  driver. 

With  the  exception  of  ticket  penalties,  the  reward-penalty  structure  for 
both  experiments  was  the  same.  In  order  to  provide  a  basic  motivation  to  re¬ 
main  in' the  study,  the  subjects  were  paid  an  hourly  wage.  This  payment  was 
received  by  the  subject  irrespective  of  performance.  To  facilitate  comple¬ 
tion  of  the  driving  scenario,  and  to  encourage  normal  driving  behavior,  we 
used  an  additional  reward-penalty  structure  scaled  to  real  world  occurrences. 


Rewards  consisted  of  $10.00  for  completing  the  driving  scenario,  and 
$2.00  for  every  minute  of  total’  elapsed  driving  time  under  20  minutes. 
Assuming  a  real  world  situation  of  leaving  a  bar  intoxicated,  this  rewarded 
the  subject  for  making  it  home  and  for  driving  with  the  flow  of  traffic,  thus 
avoiding  detection. 

In  both  experiments,  crashes  (i.e.,  hitting  an  obstacle  or  adjacent  car, 
or  running  off  the  roadway)  were  penalized  $2.00. 

Tickets  were  given  for  running  a  red  light  or  for  speeding.  Again  to 
simulate  a  real  world  driving  experience,  the  traffic  police  were  present 
only  50%  of  the  time.  In  experiment  1  (the  simulation),  tickets  were  either 
$1.00  or  $2.00,  depending  on  the  group  to  which  the  subject  was  assigned.  In 
experiment  2  (full-scale),  tickets  were  either  $1.00  or  $4,00. 

Subjects  received  immediate  feedback  if  they  crashed  (buzzer),  or  re¬ 
ceived  a  ticket  (siren  and  red  lights),  but  total  rewards  and  penalties  were 
withheld  until  the  completion  of  the  experimental  day.  Again  this  simulates 
the  real  world,  because  the  cost  of  a  ticket  or  crash  is  rarely  known  when 
the  incident  occurs. 


RESULTS  AND  DISCUSSION 

To  determine  the  suitability  of  our  reward-penalty  structure  to  the  ex¬ 
periment,  two  criteria  can  be  used.  First,  did  all  the  subjects  complete  the 
experiments?  In  both  experiment  and  experiment  2  the  answer  was  yes,  indi¬ 
cating  that  we  were  able  to  keep  the  subjects  sufficiently  motivated  to  re¬ 
turn.  Second,  to  correlate  our  results  with  real  world  driving  statistics, 
we  compared  our  simulator  and  field  test  results  with  epidemiological  data  of 
over  7000  alcohol  related  traffic  accidents.  As  evidenced  in  Fig.  2,  the 
simulator  results  and  the  field  results  compare  favorably  with  the  actual  ac¬ 
cident  data,  thus  indicating  drivers  motivatec  to  take  comparable  risks. 

Finally,  in  our  investigation  of  the  behavioral  effects  of  a  change  in 
penalty  structure,  we  found  in  experiment  no  significant  difference  between 
the  $1.00  ticket  group  and  the  $2.00  ticket  group.  Experiment  2,  however, 
did  show  a  significant  difference  between  the  $1.00  ticket  group  and  the 
$4. CO  ticket  group. 

In  Fig,  3  we  see  that  the  high  penalty  group  in  the  field  study  had  on 
the  average  of  one- third  less  tickets,  with  speeding  tickets  showing  a 
greater  sensitivity  than  signal  light  tickets.  These  results  are  statisti¬ 
cally  significant  as  shown  in  Table  Driving  time  differences  between  the 
two  penalty  groups  were  marginally  significant  (Table  w  and  consistent  with 
the  ticket  results,  e.g,  larger  time  and  fewer  tickets.  Payoff  was  not  sig¬ 
nificantly  different  between  the  penalty  groups,  however  (Table  ^),  which  in¬ 
dicates  a  compensatory  tradeoff  between  driving  time  and  ticket  rate. 


TABU'.:  1.  ANALYSIS  OK  VAKIANCE  SUMMARY  FOR  0V1':RALL  SCENARIO 
PERFORMANCE  IN  THE  FIELD  VALIDATION  S'J'UDY 
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ined  from  the  signal  light  risk  P  higher  risks  in  signal 

Here  we  see  that  aSd  Sas  willing  to  go  less  often.  The 

failures  (i.e.,  running  the  behavior  for  the  high  penalty 

combined  effect  was  ^^formance.  The  P(G)  and  SP(F/G)  diifer- 

group,  leading  to  leant,  but  the  SP^  difference  was 

ences  in  Fig.  “  «efe  l;:Lrv!d  for  accident  data  in  the  experiment, 

not.  No  group  differences  wer  and  P(G)  group  differences  it  is 

and  because  of  the  magnitude  of  effects  and  not  just  between-group 

assumed  that  these  are  true  penalty 

differences. 


CONCLUDING  REMARKS 


The  following  conclusions  were  drawn  with  respect  to 
Structure  in  our  experiments: 


the  reward-penalty 
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*  Driving  is  not  intrinsically  motivating  to  the  majority  of 
the  population,  and  in  experimental  tasks  is  even  less  so. 
Real-world  Motivation  incentives  such  as  accidents,  tickets, 
and  desire  to  safe  time,  are  extrinsic. 

*  Rewards  and  penalties  must  be  tangible.  Imaginary  rewards 
and/or  verbal  reinforcement  are  not  sufficient. 

*  Rewards  and  penalties  should  serve  as  general  motivation,  but 
not  direct  feedback  in  the  driving  scenario. 

*  Between  runs  in  an  experimental  session,  overall  performance 
payoffs  should  be  withheld  in  order  to  avoid  feedback  or  re¬ 
inforcement  which  might  modify  behavior  on  subsequent  runs. 

*  Our  results  show  that  employing  a  specifically  designed  mone¬ 
tary  reward-penalty  structure  provides  sufficient  extrinsic 
motivation  to  duplicate  a  "real  world"  driving  situation. 

These  results  on  reward/penalty  effects  on  driver  risk  taking  might  be 
extrapolated  to  real-world  driving  behavior.  Perhaps  drivers  would  drive 
more  conservatively  with  increased  and  more  evenly  applied  penalties  for 
traffic  violations. 
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SUMMARY 


The  effects  of  changes  in  understeer,  control  sensitivity,  and  location 
of  the  lateral  aerodynamic  center  of  pressure  (c.p.)  of  a  typical  passenger 
car  on  the  driver's  opinion  and  on  the  performance  of  the  driver-vehicle 
svstem  were  studied  in  the  i.:oving-base  driving  simulator  at  Virginia  Poly¬ 
technic  Institute  and  State  University.  Twelve  subjects  with  no  prior 
experience  on  the  simulator  and  no  special  driving  skills  performed  regula¬ 
tion  tasks  in  the  presence  of  both  random  and  step  wind  gusts. 


INTRODUCTION 


The  performance  of  the  driver-vehicle  system  in  the  presence  of  cross- 
wind  disturbances  is  influenced  by  the  location  of  the  lateral  aerodynamic  • 
center  of  pressure  (c.p.)  of  the  vehicle. 

The  extent  to  which  changes  in  c.p.  location  are  discernible  and/or 
objectionable  to  ordinary  drivers  has  up  to  this  time  been  unknown.  Most 
of  the  previous  studies  on  wind  gust  disturbance  regulation  tasks  have 
concentrated  on  a  single  c.p.  location  with  the  c.p.  most  frequently 
placed  at  the  front  wheels  (references  1-5).  Also,  although  the  influence 
of  changes  in  design  parameters,  such  as  understeer  and  control  sensitivity, 
have  been  studied  previously  (references  3,  4) ,  the  interaction  of  these 
parameters  with  the  location  of  the  c.p.  in  a  closed- loop  task  is  unknown. 

The  present  study  examines  the  influence  of  various  combinations  of 
understeer,  control  sensitivity,  and  c.p.  location  on  the  performance  of 
twelve  ordinary  drivers  in  the  presence  of  wind  gust  disturbances. 

The  Virginia  Polytechnic  Institute  and  State  University  (VPI&SU)  moving- 
base  driving  simulator  was  chosen  for  the  tests  because  of  the  control  it 
offers  over  the  parameters  of  interest  and  because  of  the  success  ul  previous 
research  performed  with  the  facility  (reference  1) -  The  following  sections 


aescribe  the  simulation  facility, 
employed,  the  performance  measures 


the  experimental  design  and  procedure 
utilized,  and  the  results  obtained. 


THE  VPIitSU  DRIVING  SIMULATOR 

1  1 1  nrovides  the  subject  with  an  on-line,  com- 

This  experimental  facility  roadway  in  coordination  with 

S  S-Lna  .i«.  vl««ioa  pro- 

vided  for  the  enhancement  of  the  simulation  realism. 

-.v-Tf..  inuuts  were  provided  to  the  vehicle  model  used  for  the 
nice  -  wheel  displacement,  accelerator/brake  displace- 

simulation;  njime  steer  consisted  of  a  set  of 

trl;;ferfu;c;ionr:elati.ng  the  three  inputs  to  the  vehicle  motion  compo- 
nonts . 

1  n  and  7  contain  a  detailed  description  of  the  driving 
.imulS'ir^ellted  equipment;  figure  1  shows  the  simulator  motion  plat- 

form. 


DEFINITIONS  AND  EXPERIMENTAL  PROCEDURE 


Doiiiiitionj 


T;ie  three  experimental  variables  are  defined  briefly  as  .ollows. 

1  (-  l.-'catior  Xa  :  The  distance  between  the  front-wheel  axis 

"  and’ the 'point  of  action  of  the  lateral  aerodynamic  force  ?a 
(so-3  figure  2). 

Tw,.  variable  is  o.xpressed  as  a  percentage  of  the  vehicle  wheelbase 
ulL  d.ii  corresponds  to  a  c.p.  location  at  the  front  wheels). 

->  urdersteer,  K  :  The  numerical  difference  between  the  sideslip 
-  anrie^dev; loped  at  the  front  and  rear  wheels  during  a  1-g  lateral 

acceleration. 

urdersteer  is  conventionally  measured  in  deg/g.  A  more  detailed  descrip- 
Sor’orthis  concept  is  given  in  reference  8.  Figure  2  shows  the  paths 
^ohicles  with  understoer  (K  >  0) .  neutral  steer  (K  =  0),  and  over- 
steL-  (K  <  0)  would  follow  under  the  influence  of  an  external  side  force 

actin<;  at  the  center  of  gravity. 
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Control  sensitivity,  C.S.  :  The  steady-state  lateral  acceleration 
(in  g’s)  developed  by  a  vehicle  following  a  steering  wheel  displace¬ 
ment  of  1.75  rad  (100.0  deg). 


Experimental  Design 

A  mixed  between-sub jects  and  within-subjects  factorial  design  was 
used,  containing  two  levels  of  understeer  (K  =  3.0,  5.0  deg/g) ,  two 
levels  of  control  sensitivity  (C.S.  =  0.3,  1.2  g/100  deg),  and’three  c.p. 
locations  (x^  =  0%,  19%,  37%  of  wheelbase)  for  a  total  of  twelve  vehicle 
v-onfiguiations.  Six  male  and  six  fema.’c  college  students  without  anv 
previous  simulator  experience  were  used  as  subjects.  Three  male  and" three 
female  subjects  were  ra.ndomly  assigned  to  each  of  the  two  understeer  condi¬ 
tions  (understeer  wis  a  between-sub jects  variable).  The  other  two  variables 
were  factorially  complete  and  equally  likely  for  all  subjects.  The  subjec- 
were  given  a  1,5  ain  period  of  practice  following  which  tliev  were  recuir-^d 
to  maintain  a  constant  speed  of  97  kmA  (60  raph)  while  keepina  their  "normal 
lane  position  in  the  presence  of  random  wind  disturbances.  Data  were 
collected  for  a  period  of  2.0  min.  Following  the  random  wi.nd  disturbances, 
a  senes  of  stop  gusts  were  presented  for  an  additional  2.0  min  oeriod.  At 
the  end  of  each  run,  the  subjects  rated  the  disturbances  thev  e.n'countered , 
taking  into  account  the  vehicle  path  deviations  and  the  amount  of  steering 
activity  needed  to  maintain  course. 


Data  Collection 


The  time  liistories  or  the  venicle  lateral  ]:)osition  and  vaw  heading 
deviations,  as  well  as  the  driver's  steering  wheel  inputs  were  recorded 
on  an  F.M.  tape  recorder.  The  objective  measures  of  performance  were  the 
root-mean-square  (rms)  values  of  these  time  histories,  together  with  the 
peak  lane  overshoots  during  the  step  gusts. 


RESULTS 


Subjective  Ratings 


Figure  3  shows  that  the  subjective  ratings  improve  as  the  c.p,  moves 
rearward.  The  other  two  variables  had  no  significant  effect  on  the  ratings 


Random  Disturbance  Performance 


Significant  ditferences  in  lane-keeping  performance  occurred  as  a 
result  of  changes  in  C.S.  and  x^  .  There  is  a  strong  indication  of  an 
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effect  on  lateral  position  deviation  due  to  an  interaction  between  under¬ 
steer  and  c.p.  location  and  a  significant  effect  from  this  interaction  on 
yaw  deviations. 

4  shows  the.t  incireases  in  hoth  C.S.  and  Xrj  result  in  decreases 
in  lateral  position  deviations.  The  nature  of  the  interaction  between  K 
and  X3  that  approached  significance  in  shown  in  figure  5.  The  higher 
value  of  understeer  has  a  beneficial  effect  on  lateral  position  deviations 
only  when  the  c.p.  is  located  close  to  the  front  wheels.  Figures  6  and  7 
show  similar  effects  for  yaw  angle  deviations. 


Steering  wheel  deviations  were  significantly  affected  by  all  three 
vehicle  parameters.  Furthermore,  there  were  significant  effects  due  to 
interactions  between  c.p.  location  and  understeer  and  between  c.p.  location 
and  control  sensitivity. 

Figure  8  shows  that  increases  in  K,  C.S.,  and  all  have  a  similar 
effect;  namely,  to  decrease  steering  deviations.  Figure  9  reveals  that 
increases  in  both  K  and  C.S.  result  in  greater  decreases  in  steering  devia¬ 
tions  the  closer  the  center  of  pressure  is  to  the  front  wheels. 


Step  Disturbance  Performance 

The  peak  lane  position  overshoot  was  measured  from  the  actual  vehicle 
^ ra  tiiO  gusL  oiiSet  ar.d  i*ot  irom  tiic  center  of  t*ie  lane. 

Figure  10  shows  that  increases  in  x^  and  in  C.S.  reduce  peak  lane 
position  overshoot.  The  effects  of  understeer  were  accentuated  as  the 
c.p.  location  moved  forward,  with  the  lower  level  of  understeer  resulting 
in  the  largest  lane  position  overshoot. 


DISCUSSION 


The  subjective  and  objective  measures  used  in  the  present  study 
indicate  that  c.p.  location  is  an  extremely  important  parameter  for  wind 
gust  regulation  performance.  Scores  on  the  0-10  Rating  Scale,  maximum 
lane  deviations  following  a  step  wind  gust,  and  steering  wheel  deviations 
during  presentation  of  the  random  wind  gust  were  all  highly  significantly 
affected  by  changes  in  c.p.  location.  Actual  lane  position  deviations 
during  the  random  wind  gust  task  were  only  slightly  less  sensitive  to 
changes  in  c.p-  location  than  these  other  measures. 

In  spite  of  its  great  importance,  however,  c.p.  location  is  difficult 
to  control  in  practice  (reference  9).  For  this  reason,  other  means  for 
improving  disturbance  responses  of  the  closed- loop  driver-vehicle  system 
were  explored;  namely,  through  changes  in  understeer  and  control  sensitivity. 
Both  parameters  were  found  to  have  a  significant  effect  on  wind  gust  regula- 
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tion  performance,  although  subjective  opinion  data  failed  to  detect  this 
effect.  Increased  levels  of  understeer  (K  =  5.0  deg/g  vs  3.0  deg/g)  and 
control  sensitivity  (C.S.  =  1.2  g/100  deg  vs  0.8  g/100  deg)  both  had  a 
beneficial  effect  on  measures  of  path  control  and  driver  steering  wheel 
deviations.  These  beneficial  effects  were  accentuated  where  they  were 
needed  the  most;  namely,  at  forward  c.p.  locations. 


CONCLUSIONS 


The  following  conclusions  were  reached: 

•Driver  opinion  ratings  were  significantly  influenced  by  c.p. 
location  only,  with  rearward  locations  rated  the  most  favorable. 

•Lane-keeping  accuracy  mproved  as  the  c.p.  moved  rearward 
and  as  control  sensitivity  increased. 

•For  the  forward  c.p.  locations,  lane-keeping  performance 
improved  with  increased  understeer. 

•Steering  wheel  activity  required  for  control  was  reduced  by 
increased  understeer  and  control  sensitivity  and  by  rearward 
movement  of  the  c.p. ,  with  the  effects  of  understeer  and 
control  sensitivity  accentuated  at  forward  c.p.  locations. 

Overall,  the  location  of  the  aerodynamic  center  of  pressure  was  the 
predominant  vehicle  characteristic  with  an  influence  that  could  only 
partially  be  offset  by  changes  in  understeer  and  control  sensitivity. 
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FIG.  4  EFFECTS  OF  CONTROL  SENSITIVITY  AND  C.P.  LOCATION 
ON  LATERAL  POSITION  DEVIATION  (RANDOM  WIND  GUST) 


FIG  5  COMBINED  EFFECTS  OF  UNDERSTEER  AND 
C.P.  LOCATION  ON  LATERAL  POSITION 
DEVIATION  (RANDOM  WIND  GUST) 
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FIG.  6  EFFECTS  OF  CONTROL  SENSITIVITY  AND  C.P.  LOCATION 
YAW  ANGLE  DEVIATION  (RANDOM  WIND  GUST) 
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FIG.  7  COMBINED  EFFECTS  OF  UNDERSTEER 
AND  C.  P.  LOCATION  ON  YAW  ANGLE 
DEVIATION  (RANDOM  WIND  GUST) 
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Summary 

A  twin-grip  control  yoke  was  designed  as  an  ergonomic  cose  study  that  allows 
dual  axis  control  Inputs,  both  axes  being  rotational.  Inputs  are  effected  by  rotating 
the  grips.  It  will  be  reported  how  the  handles  were  designed  with  respect  to  their 
shape  and  size  and  how  the  angular  range  of  the  control  yoke  in  both  rotational 
axes  was  evaluated. 

The  hand  grip  design  is  based  on  the  anthropometric  data  of  the  hand.  The  main 
parameters  for  the  layout  are  the  breadth  of  the  hand,  the  grip  circumference,  and 
the  thumb  length.  The  steering  task  for  which  the  control  yoke  is  designed  requires 
that  the  grip  shape  takes  into  account  task  relevant  grip  characteristics,  such  as  a 
rest  for  hand  and  thumb  as  well  as  a  thumb  operated  switch  button.  One  of  the  design 
requirements  is  the  full  use  of  the  available  motion  range  for  steering  inputs  in  the 
two  rotational  axes  which  is  limited  by  the  human  arm- hand-system. 

Using  EMG  activities,  which  were  measured  at  the  forearm,  the  permissible 
pitch  and  roll  angles  of  the  control  yoke  were  evaluated  to  be  +  30°.  The  llmitii- 
tlon  stems  exclusively  from  the  combined  limits  of  the  radial  and  ulnar  ranges  of 
abduction  of  the  human  wrist  joint.  It  should  be  pointed  out  that  in  this  study  the 
control  range  was  not  limited  by  muscle  fatigue  which  is  also  measurable  with  EMG 
but  rather  by  EMG  levels  which  avoid  painful  loads  on  tendon  and  ligament  struc¬ 
tures.  The  experimental  series  is  based  on  an  isotonic  rotation  in  both  axes.  EMG 
activities  were  only  measurable  under  extreme  angles  of  deflection.  If  the  operator 
has  to  deflect  the  control  element  from  its  neutral  position  against  a  spring  resistance 
a  further  reduction  of  the  operational  range  will  be  expected. 

Introduction 

In  this  study,  a  control  yoke  which  requires  two-hand  operation  wo:  tested  to 
determine  its  operating  ranges.  The  intention  of  this  investigation  was  to  find  out 
the  optimal  form  of  the  control  yoke  and  the  maximum  permissible  operating  range  in 
both  rotating  axes.  In  these  experiments  controls  had  no  spring  resistance.  Future 
studies  v/i!!  inv'olve  controls  with  spring  resisiunce. 

p^eWentionally  bcawT 
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The  control  yoke  has  two  rotating  axes.  Vehicle  direction  chonges  to  the  left 
or  right  are  accomplished  by  turning  the  yoke  as  with  a  steering  wheel  of  on  auto¬ 
mobile,  called  here  roll  motion.  Vertical  vehicle  direction  changes  are  accomplished 
by  rotating  the  yoke  handles  towards  or  away  from  the  operator  which  will  be  called 
pitch  motion. 


Figure  1  :  Influence  of  roll  axis  rotation  of  a  twin  grip  control  yoke 
on  radial  and  ulnar  abduction  angles  of  both  hands 

In  the  left  of  the  upper  row  of  figure  1  is  to  be  seen  the  neutral  position  and 
in  the  middle  and  right  pictures  of  this  row  t.he  extreme  excursion  during  the  pitch 
movement.  These  two  pictures  illustrate  the  biomechanical  position  limits  of  the  hand 
when  rotating  the  yoke  towards  and  away  from  the  operator.  The  pitch  motion  of  the 
hand  towards  the  operator  is  accomplished  by  radial  abduction;  pitch  motion  away 
from  the  operator  is  accomplished  by  ulnar  abduction.  Similar  hand  positions  are  shown 
in  the  lower  row  of  pictures  with  a  45°  roll  angle  position  coupled  with  neutral,  ra¬ 
dial  and  ulnar  pitch  abduction. 

With  0°  pitch  angle  and  roll  motion  to  the  right,  radial  pre-obduction  will 
have  occured  in  the  right  hand  and  some  ulnor  pre-abduction  in  the  left  hand,  there¬ 
by  restricting  the  available  amount  of  further  abduction  for  pitch  command  purposes. 

It  can  be  shown  that  with  increases  In  roll  motion  to  the  right  pre-abduction  will 
increase  until  biomechanical  limitations  make  pitch  commands  impossible  or  very 
difficult.  Similar  pre-abduction  occurs  with  left  roll  motions. 


Z9S 
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Biomechanical  considerotion  of  the  arm- hand-system 

“tSuTo:^  :SJVr«i2;;cX:^iTr.Kr:i“ 

hand. 

5th  to  95th  perceoHte.  On  the  right  port  of  the  figure  the  onglyonge  ts  !ho»n 

ii:  rt  tr^ht  tr 

90th  percentile. 


ulnar  abduction  radial  abduction 


natural  hand  position 


total  range  of  hand 
movement 
(90  th  percentile) 


Figure  2  :  Abduction  range  of  the  hand 

If  9°  is  subtracted,  v.hich  corresponds  to  jhe  natural  pre-abductlon  from 
rhe  range  of  the  ulnar  abduction,  a  value  of  44  both  for  the  ulnar  and  for  the 
radial  angular  range  v/ill  be  obtained.  This  consideration  is  important  f^  practical 
annilcations  in  so^far  as  there  should  be  the  same  angular  range  in  radial  os  in  ulnar 
direction  for  the  pitch  movement,  i.e.  the  up  and  down  maneuver  of  the  vehicle. 

?f  the  total  abducrton  ability  of  the  hand  is  used  for  turning  a  control  yoke,  two 
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rotational  axes  can  be  selected.  These  two  rotational  axes  of  the  control  yoke  cross 
in  the  steering  column.  In  figure  3  the  case  is  shown  where  the  rotational  axis  of 
the  wrist  joint  is  equal  to  the  axis  of  the  control  element.  Consequently,  there  is 
hardly  any  motion  of  the  forearm.  The  total  range  of  abduction  is  used  as  pitch  angle 
range,  that  is  for  radial  abduction  of  35  and  for  ulnar  abduction  of  53^,  measured 
from  the  resting  position.  There  is  a  light  disadvantage  of  forearm  movement  when 
the  rotational  axis  of  the  wrist  joint  does  not  correspond  with  the  rotational  axis 
of  the  hand  grip  for  small  and  large  hands.  This  effect  does  not  occur  if  the  rotational 


shoulder  jomt 


elbow  jomt 


natural  position 

/  - 


center  of  rotatior^  for  the  wrist 
joint  and  control  yoke 


ulnar  abduction 

a )  rotational  axis  through  the  wrist  joint 


b)  rotational  axis  through  the  volar  hand 


Figure  3  ;  The  renge  of  forearm  rnotion  for  diffcrenl 
rotational  axes  of  the  control  yoke 
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llduri'ns  ol^r  ond 

plren°lfeTL°mar^^^^  °ngle  range  only  reaches  68°,  e.g.  27°  for  radial 

and  41°  for  ulnar  abductions  from  the  resting  position. 

Anthropometrical  Design  of  the  control  grip 

Fig.„e  4  ,Uov«  the  operator  titting  in  front  of  the  corttrol  “’’“'f  -  ^ 

:  •  l-nrrfVn  With  resoect  to  the  body  will  be  selected  in  a  way  so  that  the  arm^ 

^  »d»m  of  a  50th  percentile  operator  measured  from  the  shoulder  reference  point 

rlltion  to  trn  t^conLTy^^^  with  the  some  angular  valu«  in  ulnar  and 
radial  dLction.  A  control  yoke  is  shown,  the  rotational  axis  of  which  goes  throug 
the  volar  hand. 


Figure  4  :  Suggested  anthropometric  parameters  for  seated  operator  console 


301 


The  control  task  for  which  the  control  yoke  was  designed  requires  a  specially 
shaped  grip  which  takes  into  account  task  relevant  grip  characteristics,  such  as  a 
hand  and  a  thumb  rest  and  a  switch  button  that  is  thumb  operated  (figure  5) .  The 
design  of  the  grip  was  based  on  the  95th  percentile  hand.  The  dimension  A  of  the 
palm  was  based  on  hand  width.  The  hand  fits  between  the  hand  rest  and  the  top 
section  of  the  grip.  The  fingers  span  the  grip  slantwise  to  the  longitudinal  axis  of 
the  grip  and  not  in  parallel  fashion  as  they  would  with  a  cone. 


Figure  5  :  Anthropometric  parameters  for  designing  a  handgrip 

So  long  as  the  switch  button  is  not  used,  the  operator  can  smoothly  move  his 
hands  with  the  control  yoke  and  follows  Its  motions.  Under  these  working  conditions 
the  bond  of  the  95th  percentile  man  is  resting  on  the  hond  support  and  the  thumb  Is 
on  its  thumb  rest.  Smaller  hands  such  as  the  50th  or  5th  percentile  hands  can  use 
either  the  hand  rest  or  the  thumb  rest  as  a  basic  working  position  during  the  control 
task. 

top  section  concave  thumb 


Figure  6  :  Anthropometric  parameters  for  designing  a  handgrip 
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The  basic  dimensions  of  the  grip  ore  the  dimensions  of  an  ideal  conical  bar 
which  was  first  used  by  Henning.  Henning  suggests  an  increase  in  radius  by  5  mm 
for  each  80  mm  in  length.  The  grip  is  finger  parallel  and  the  oxis 

tical  to  the  cone  axis.The  circumference  is  about  150  mm  for  a  95th  percentile  hand. 
As  can  be  seen  from  the  left  picture  of  figure  6  the  finger  tips  touch  lightly  the 
opposite  part  of  the  hand  and  the  thumb  rests  on  parts  of  the  pointing  finger.  If  the 
cone  Is  closed  the  fingers  are  Inclined  to  the  longitudinal  axis  of  the  cone.  A  grip 
was  designed  using  finger  Indentation  and  an  appropriate  deviation  of  the  cone  shape 

as  may  be  seen  in  figure  5. 


With  this  grip  the  finger  tips  of  the  95th  percentile  hand  are  at  small  but 
constant  distance  from  the  opposite  part  of  the  hand.  For  the  smaller  hands  like 
50th  or  5th  percentile  hands  this  distance  becomes  larger  but  still  guaranties  a  good 
form  closure.  With  this  design  a  larger  thumb  rest  was  used  which  results  In  a  sepa¬ 
ration  of  the  possible  touch  between  the  thumb  and  the  fingers.  The  location  <=  o 
switch  button  in  the  grip  head  was  based  on  the  thumb  length  of  the  50th  percentile 
hand.  Thumbs  which  are  longer  and  shorter  than  50th  percentile  are  still  in  position 
to  operate  the  switch  button  by  use  of  lower  or  upper  parts  of  the  thumb  respec¬ 
tively.  A  concffve  depression  in  the  top  section  of  the  grip  allows  sufficient  motion 
for  larger  thumbs  when  pressing  the  switch. 

Biomechanical  determination  of  the  operating  range  of  the  twin-grip  control  yoke 


For  the  layout  of  a  control  yoke  both  anthropometric  and  blomechanic  qual¬ 
ities  jf  the  human  hand-arm  system  must  be  considered.  A  method  is  proposed  in  this 
paper  which  permits  a  determination  of  a  biomechanical  range  on  the  basis  of  sur¬ 
face  electromyography  activities  which  are  involved  in  movement  and  face  exertion. 
At  the  limits  of  movement,  rather  high  EMG  activity  occurs  together  with  such  con¬ 
sequences  as  muscle,  tendon,  or  ligament  strain  and/or  pain. 


For  EMG  measurements,  subjects  were  instructed  to  grip  the  yoke  lightly  with 
both  hands  so  that  no  forearm  muscles  were  contracted.  For  each  selected  roll  angle 
position  of  the  yoke,  the  control  was  then  slowly  moved  through  both  pitch  direc¬ 
tions.  Raw  EMG  signals  were  processed  with  a  double  wave  rectifier  and  a  special 
averaging  filter  [  2,  3,  4j  . 


EMG  activity  for  the  right  hand  in  a  number  of  different  roll  angle  positions 
are  Illustrated  in  figure  7  as  a  function  of  pitch  angles  for  roll  angles  in  the  right 
direction.  The  curves  illust.ated  are  only  for  EMG  values  recorded  during  increasing 
pitch  angles  as  these  represent  the  worst  case  for  control  evaluation. 

The  upper  EMG  value  of  "1"  unit  wos  arbitrarily  given  to  the  EMG  level  ob¬ 
tained  when  wrist  joint  poin  was  experienced  after  repeatedly  holding  an  ongle  po¬ 
sition  for  a  few  seconds.  The  rnaximum  value  of  the  curves  (approx.  ./5  units)  is 
obtained  at  the  maximum  pitch  angle  which  was  measured.  The  maximum  pitch  angle 
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Figure  7 


Figure  8 


EMG  activities  of  radial  and  ulnar  abductors  of  a  right  hand  with 
90  percentile  wrist  movement  range  as  a  function  of  pitch  angle 
tor  various  roil  angles.  Roll  movement  is  in  right 


EMG  activities  of  radial  and  ulnar  abductors  of  a  right  hand  with 
percentile  wrist  movement  range  n.  n  fynctlor.  of  pitch  angle 
for  various  roll  angles.  Roll  movement  is  in  left 
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measured  was  selected  after  experimentally  determining  the  maxlmutr.  pitch  angle  at 
which  no  wrist  pain  build-up  occured  during  fairly  long  measuring  sessions.  For  any 
given  pitch  angle  there  is  a  tendency  for  pre-abduction  to  be  larger  witn  larger  con¬ 
stant  roll  angles.  It  con  be  seen  that  ot  0^  roll  angle  the  full  ronge  of  possible  w.rst 
movement  of  the  subject  can  be  used  for  pitch  commands  in  both  directions  tecause 
there  is  no  pre-abduction.  At  60°  roll  angle  to  the  right,  radial  pre-abduction  is  so 
large  that  no  pitch  angle  movenent  In  this  "pull  up"  direction  is  possible.  In  the 
righ;  side  of  the  figure  the  EMG  curves  for  ulnar  abduction  i.e.  in  the  P»sh  down^^ 
direction  is  illustrated.  The  45°  and  60°  roll  angle  permit  relot.vely  large  pull  up 
commands  although  the  curves  do  not  rise  as  high  -i  those  for  radial  abduction  ori 
the  left  side  of  the  figure.  The  reason  for  this  is  -.hat  ulnar  abduction  ot  the  left 
hand,  which  is  not  illustrated,  reaches  a  limit  at  ;hese  pitch  angles  before  the  rig  t 
hand,  thereby  preventing  further  ulnar  obduction  of  the  right  hand.  Of  course,  re¬ 
lease  of  the  control  by  the  left  hand  would  have  permitted  further  moveme^^ 


EMG  values  for  ulnar  and  radial  abduction  of  the  right  hand  is  shown  in  fig¬ 
ure  8  for  left  roll  at  various  roll  angles.  As  can  be  seen  on  the  left  side  of  the 
figure  for  left  rjll,  right  hand  "pull-up”  pitch  commands  or  radial  abduction  move¬ 
ment  is  so  severely  limited  by  radial  pre-abduction  of  the  left  hand  in  all  roil  angle 
positions  except  0°  that  further  movements  are  not  possible.  The  range  of  u  I  par  ab¬ 
duction  or  "push-down"  commands  illustrated  on  the  right  side  of  the  figure  is  slightly 
reduced  by  ulnar  pre-abduction  thereby  allowing  considerable  movement  before  the 
ulnar  abduction  limits  are  reached. 


Discussion  of  the  EM G^measu remen ts 

In  designing  a  range  for  this  control  device  the  following  points  are  the  most 
importont  to  consider.  1.  It  should  permit  the-  largest  possible  pitch  angle  in  both 
directions  for  each  of  the  largest  possible  roll  angles  for  subjects  with  5th  percentile 
wrist  movement  ranges.  2.  Only  lower  levels  of  EMG  activity  should  occur  most  of 
the  time  during  control  operations.  Moderate  EMG  activity  levels  should  occur  very 
briefly  and  no  high  EMG  activity  at  all. 

As  can  be  noticed  in  the  figure  7  and  8  these  requirements  can  be  satisfied 
fc-  the  subject  tested  with  roll  and  pitch  angle  ranges  of  approx.  +  30  each  (at 
which  no  more  than  0,5  units  of  EMG  activity  are  reached).  It  should  be  polnt-d 
out  that  in  this  study  the  control  range  was  not  determined  by  muscle  fatigue  limits 
which  are  also  measurable  with  EMG  but  rather  by  EMG  levels  which  avoid  pain¬ 
ful  loads  on  tendon  and  ligament  structures.  The  EMG  measuring  method  presented 
proved  to  be  a  valuable  objective  aid  for  determining  an  advantageous  control  .ange, 
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SUMMARY 


inforlaUonLV;":^:::  instructing  event-related 

torce-torque  and  tactile  sensors  integrated 

remotely  controlled  manipulator  Eve^t  a  ^  «ith  the  terminal  device  of  a 
using  appropriate  algorithms  acting  on  sens'ott  dttf '’y 
of  event-driven  information  displays  is  to  les-en  rh  purpose 

to  improve  control  performance.  The  naolt  H.t  k  “P^'^^tor's  workload  and 
event-driven  display  examples  that  h,f  describes  and  discusses  several 

operator  project;  incLttna  a  hr  >r  "  ^"Ple-^ented  in  the  JPL  tele¬ 
drives  the  graphics  display  in  real  tine^"%n’t  handling  system  which 

tlon  of  a  sot  of  foot  p?osit,itv  Je^so ""itS” 

he  snuttle  manipulator  training  facility  jsf  ®"d  effector  for 

discussion  ot  future  plans  to  integrate  k-ent  )  •  concludes  with  a 

information.  integrate  event-driven  displays  with  visual  (TV) 


I .  INTRODUCTION 


The  objective  of  this  paper  is  to  show  -ma  i- 
aimed  at  reducing  the  dimensionality  of '  proximif-  foJL 

sensor  data,  .and  conveying  the  sensory  ’  and  tactile 

manipulator  in  terms  o?  significanrevenL  r^taJe^d"  t^^  ^ 

event-driven  display  is  a  display  which  show^  control  task.  An 

state  of  the  teleoperator  effectors/sensors  has  been""  desired 

not  show  the  details  of  the  state  itself!  LJher  trH^  ,'®''®'^' 
or  the  event.  Hence,  event-driven  disollvc;  displays  the  occurrence 

sensory  data  in  terms  of  control  "oals  or  subeo!!'^'^”*!  ^^P^^^^dtly  indicate 

control  decisions  and  actions.  ”  ubgoals  which  require  specific 

force-X^uTtct^^!e^^-d1l!p^t^s^^;;r 

of  .  oochaolcal  .o™  ha,  boon  o' prevlo^rp.trj'JsIe^:""":* 


*’  "loo'  “ob'o,of,’:oy:‘t^Hfo"n,£''L'«l^,'jTo?'Lcta,'^  V- 


The  information  generated  by  these  sensors  is  basically  non-visual:  short 
(few  centimeters)  distances  in  given  direction  between  terminal  device  and 
object;  amount  of  force  and/or  torque  exerted  by  the  terminal  device  on 
objects  along  three  orthogonal  axes  referenced  to  the  terminal  device;  dis¬ 
tribution  and  amount  of  contact  area  pressure  between  terminal  device  and 
object;  or  slip  of  an  object  in  some  direction  on  the  inner  surface  of 
mechanical  fingers  •  Hence,  the  general  problem  and  objective  of  displaying 
this  type  of  information  to  the  operator  of  a  remote  manipulator  are  to  make 
non-visible  events  visible  or,  alternatively,  to  make  non-visible  events 
easily  perceivable  by  using  some  appropriate  means  (e.g.,  audio  tones). 

The  information  generated  by  proximity,  force-torque,  tactile  and 
slippage  sensors  has  two  specific  features:  it  is  multidimensional,  and  it 
requires  quick  (sometimes  split-second)  decision  or  control  response.  It  is 
noted  that,  in  general,  the  required  decision  or  control  response  is  also 
multidimensional.  The  use  of  multidimensional  data  with  quick  response 
requirements  in  a  real  time  manual  or  computer  control  environment  is  a 
demanding  perceptual  and  cognitive  workload  for  the  operator  of  a  remote 
manipulator.  It  is  a  major  source  of  errors,  and  can  result  in  a  general 
degradation  of  control  performance.  The  purpose  of  event-driven  sensory 
information  displays  is  to  lessen  the  operator’s  workload  and  to  improve 
overall  control  performance  of  remote  manipulators. 

The  concept  of  sensory  information  ’’events”  is  discussed  in  Section  II. 
The  general  features  of  ’’event-driven  displays”  are  briefly  discussed  in 
Section  III.  Section  IV  describes  several  event-driven  display  examples  that 
have  been  implemented  in  the  JPL  teleoperator  project.  These  include  two 
uses  of  four  proximity  sensors  and  a  single  use  of  a  s ix-dimeasionai  force- 
torque  sensor  integrated  with  manipulator  end  effectors  employing  both  audio 
and  graphic  display  techniques.  One  application  shows  a  set  of  four  proxim¬ 
ity  sensors  integrated  with  a  JSC  four-claw  end  effector  to  be  used  at  the 
JSC  Manipulator  Development  Facility.  A  simple  touch  sensor  example  is  also 
described.  The  concluding  Section  V  summarizes  the  results  and  outlines 
future  plans  to  integrate  event-driven  displays  with  visual  (TV)  information. 
A  brief  description  of  the  data  handling  system  which  drives  the  graphics 
displays  in  real  time  is  presented  in  the  Appendix. 


II.  SENSORY  INFORMATION  ’’EVENTS” 


Proximity,  force-torque  and  touch  sensor  data  are  inherently  multi¬ 
dimensional.  A  six-dimensional  force-torque  sensor  outputs  the  time  trajec¬ 
tories  of  three  orthogonal  force  and  three  orthogonal  torque  components 
normally  referenced  to  a  hand  coordinate  frame.  The  hand  coordinate  frame 
itself  is  a  variable  (i.e,,  has  time  trajectories)  relative  to  a  fixed  ’’base” 
reference  frame.  A  multipoint  proportional  touch  sensor  measures  the  area 
distribution  and  amount  of  contact  pressure  over  a  fixed  surface.  A  single 
proximity  sensor  measures  short  (few  centimeters)  distances  in  a  given  direc¬ 
tion  relative  to  a  hand  coordinate  frame.  Several  proximity  sensors  in  a 
given  emplacement  genn^rry  or.  the  hand  can  measure  several  or  all  six 
position  and  orientation  variables  of  the  hand  relative  to  objects. 
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f  or  sensor-guided  manipulator  control  task  contains  a 

A  tL  con?rol  goal  or  subgoals  are  expressed  as  a 

goal  or  a  set  of  subgoals.  T  simultaneous  occurrence  of  time 

combination  of  various  sensory  da  .  ^  giggle  point  or  within  a  given  sub- 

space - 

:r.r“:;;porro:;  spac. 

1  *  1 1  ..crrir ions  for  the  concept  of  sensory  informa- 

Figure^^l  H  proximitv  sensor  beams  can  be  an  "event" 

tion  "event  .  Equal  length  P  •  ,  '  y3„  or  pitch  alignment  of 

in  the  sense  that  it  may  signi  y,  -S*’  Magnitude  of  two  orthogonal 

a  .achaalcal  hapd  relaplva  U  sisalfv,  e-S-. 

force  components  can  be  an  hand  in  a  given  direction.  Or, 

tl„  push  at  pull  of  au  object  »?  “  "“f  f  on  a  mechanical 

fot  iustauce,  ’'‘■'■f.  '»”'f  S^/cLt  if  mly  signify,  e.g.,  that  there 

^  'tflStf  left  fontf fhetfen  hanC  anC  object  for  successful  grasp, 

Tbe  operator's  attention  i» “"“f,  “ts!“f “f I  fe"nff  ff^fn 
focused  at  the  control  goals  or  control  action  must  be 

■'events".  Typically,  when  suet  nave  these  sensory  "events"  dis- 

taken.  U  Is  to  the  operator  I„  the  absence 

^ff.f".fefti^drsfi:fs!th.fpeftor™,t^det.r.lne^th^ 

f  f onlf af-fnf ng  task  and  heavy  wntkload  for  the  operator, 

but  al.so  a  common  source  of  errors. 

III.  DISPLAY  OF  "EVENTS" 


•  Hit^nlavs  can  be  implemented  by  developing  and/or  employing 
Event-driven  displays  c  P  coordinate  and  evaluate  sensor 

appropriate  real-time  ..  3nd,\b)  drive  some  appropriate  inforr.a- 

data  in  terms  or  Manipulator  control  tasks  can  be  subdivided  into 

tion  display  in  real  tim  .  *  P  event  mav  have  a  variety  of  charac- 

n  nnltltudo  of  tbo’d.vf  opment  of  fairly  g.nsral  purpose  ovsnt- 

frfffifpfars  ccduiccs  --^:--fh:rgirfntrfifoffcfff-‘f»", 

f freo^oS'f f fy  "mf:  f f-cf c^cf if  thS  algorithm,  tn  a  given  conttoi/ 

operation  environment. 

f  i,mar  t-ar,  he  implemented  bv  alternative  means,  the 
The  actual  event  ‘iisp*ay  c  environment.  For  event 

selection  of  display  techniques  are  suitable.  .4n  impor- 

dlsplays,  both  audio  an  '  designing  event  displays  is  the  "warning 

tant  consideration  for  selecting  definition,  the 

effect"  the  display  can  or  shal  P  operator’s  attention  to  some 

occurrence  of  a  sensory  event  s  action,  without  disturbing  his  normal 

.appropriate  control  decision  task.  Note  that  the 

cjnt;ol"carriqui^rip5u-secLd  decisions.  -Another  Important  consideration 
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is  related  to  the  selection  of  the  con.tenl;  of  the  display  format.  How  much 
and  what  kind  of  detailed  information  the  operator  should  be  exposed  to  xn 
addition  to  the  "event  information"  within  the  same  general  frame  of 
information?  Too  much  information  can  be  disturbing.  Too  little  information 
can  defy  the  purpose.  The  display  of  uncorrelated  data,  or  the  display  of 
correlated  data  in  uncorrelated  form,  may  impose  heavy  cognitive  load  on  the 
operator. 

Properly  designed  event-driven  displays  are  expected  to  have  a  number  of 
benefits:  (a)  simplify  on-line  control  decisions;  (b)  reduce  errors  caused 

bv  human  factors;  (c)  reduce  perceptual/cognitive  workload  on  human  operator 
in  a  real-time  control  environment;  (d)  improve  overall  control  performance 
in  control  situations  which  many  times  require  split-second  type  control 
decisions . 


IV .  EXAMPLES 


A.  Event-Driven  Proximity  Displays 

Event-driven  displays  have  been  constructed  for  proximity  sensors  on 
two  arms  in  the  JPL  teleoperator  project,  and  also  for  a  proximity  sensor 
system  developed  at  JPL  and  integrated  with  the  four-claw  end  effector  of 
JSC  to  be  used  at  their  shuttle  manipulator  training  facility. 

1.  JPL  Teleoperator  Arms 

Both  the  JPL/CURV  and  JPL/Ames  arms  are  equipped  with  four  proximity 
sensors,  and  the  event-driven  display  developed  recently  is  applicable  to 
both  sensor  systems.  Although  the  sensor  hardware  is  quite  difterent  on  the 
two  arms,  the  sensor  display  drive  software  is  common  except  tor  the  routines 
that  get  the  data.  Similarly,  the  event  logic  is  common.  The  details  ot  the 
computer  hardware  and  software  are  described  in  the  Appendix. 

The  general  format  of  graphics  display  of  four  proximity  sensors  data  is 
shown  in  Figure  2.  The  display  shows  a  view  ot  the  "bone_  or  a  p^allel  jaw 
hand  and  four  beams  emanating  from  the  hand,  two  from  eacn  jaw.  The  beam 
lengths  are  proportional  to  the  sensitive  length  of  the  sensor  beams.  Each 
beam  length  is  bound  to  10  cm  (4  in.). 

Figure  3  summarizes  the  proximity  events  together  with  the  event  logic 
and  event  parameters  that  have  been  implemented.  In  the  present  implementa¬ 
tion  the  pLameter  D  is  fixed  at  5  cm.  D  is  always  defined  parallel  to  and 
halfwav  in  between  the  two  beams  which  measure  roll  and  yaw  alignmen  s, 
resoectively,  and  relative  to  the  line  connecting  the  two  fingertips.  The 
tolerance,  T,  can  be  set  by  switch  inputs  on  the  computer  s  i.ront  panel. 
Values  from  0.5  to  7.5  cm  are  allowed.  Any  combination  of  the  tour  ever^ 
logic  equations  may  be  selected  to  control  the  event  success  blinker,  ^e 
suLess  may  be  defined  as  X  alignment  with  a  tolerance,  say,  of  I  cm  (corre-- 
pona!ng  to  aoout  5  degrees  when  the  hand  is  fully  open).  Or,  tne  success  may 
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b.  bafibbd  as  V  rang,  of  ^  ^ . 

ThiriatLr'^"success  case"  would  be  useful  in  moving  the  hand  over  ® 

Tnis  iaLter  £>  ,  .  ^  uirh  this  event  logic,  the  hnnd 

bo  a  wall  °s  jreM^gr^Luraient  on  bofb  sansors 

rpoSrioTaS  s  LrbrjaStnafciuo 

The  event  indicator  blinker  has  initially  been  placed  in  the  top  le^ 

The  event  screen.  Though  all  four  sensor  beams  are  shown  on 

txvely  xn  terms  of  a  predefi  ^  qualitative 

drive  logic  automatically  and  in  real  time.  hi inifpr  is  "off"’ 

look  at  ?he  four  ba.»  M  dataftna,  a.g..  why  th.  succass  bUnkat  is  ot.  . 

that  is.  what  to  do  in  order  to  get  the  success  blinker  on  . 

Figure  4  shows  two  uses  of  the  event-driven  proximity  display.  The 

..  ^  r^H/^^ncrrAnh^  CFisure  4A)  shows  the  hand  above  a  table  and 

first  pair  of  photograpns  v.^  ig^i^  ^  ^  ^r^h^p  ^nd  the 

^?h:  ^dS;v  fh^rSe^rra^r- 

to  the  block  f  llTslZlMlt  this\rs"occurred  and  the 

'""nt  buikef  has  comroi!  The  third  pair  of  photographs  (Figure  4C)  shows 
Tdifferent  Follow- 

of  photographs  (Figure  4D) . 

IJhile  the  two  uses  of  the  event-driven  display  shown  in  Figure  4  are 

:s?^';tf;Lfotranrrai5a:d:*r'sraarai:i^:ri:r;f  -a^paritsaan 

^:ardftTat“rof=^nrbrdS:;:r"‘sirgL!':in™aSt““gias  and  toi^ 
ancL  could  ba'  Individually  daflnad  tathat  than  balng  commonly  con.trainad 
as  at  present. 

2,  JSC  Four-Claw  End  Effector 

k  ptokimity  tS^  ifto  :idTa 

;  ri  'tb  patTmSirptb  po.ltl.nlng  a„d  pitch  and  yaw  align- 
^  I  rL  fLr-claw  end  effector  on  a  16-m  long  manipulator  relative  to 

srgr:5plf  flk'ta  "  a  P«vl»ad.  Tba  oy.tall  conttol  Is  visually 

guided. 

Tba  sansot  syscam,  ^ “ysfar irroa^utly 

J:“:‘:5:rtr:bfrtlSc:j!::ro?-a  ^LSLfm  gtasp  alata-  bafot.  grasp 
^rMo^is  initiated.  The  "successful  grasp  state"  is  defined  by  .he 
rimrsiiL  ;hrg;asp  envelope  (see  Figure  5)  and  by  the  dynamics  oi  gi.sp. 
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Vfnen  a  "successful  grasp  state"  has  been  reached,  the  data  processing 
electronics  automatically  turns  on  a  simple  "success  display"  (a  buzzer  or 
a  green  light,  or  both),  indicating  to  the  operator  that  he  is  ready  to 
grasp. 

The  data  processing  required  to  drive  the  "success  display"  has  two 
modes:  analog  and  digital.  The  analog  drive  logic  implementation  is  quite 

simple  as  indicated  in  Figure  6.  In  fact,  with  this  simple  analog  implemen¬ 
tation  the  full  capabilities  of  the  sensor  system  cannot  be  utilized  to 
account  for  all  physically  possible  combinations  of  depth,  pitch  and  yaw 
error  states  which,  due  to  the  dimensions  of  the  end  effector's  grasp  enve¬ 
lope,  still  would  allow  successful  grasp.  To  achieve  a  full  utilization  of 
the  sensor  system  capabilities  versus  all  allowable  depth,  pitch  and  yaw 
error  combinations,  "success  algorithms"  have  been  developed  and  implemented 
using  an  Intel  80/20-4  single-board  microcomputer  together  with  an  Intel 
single-board  A/D  converter. 

For  the  purpose  of  experimentation,  several  "success  algorithms"  have 
been  implemented  in  the  digital  computer  to  drive  the  displays.  The  algo¬ 
rithms  are  simple,  and  account  for  all  (or  for  almost  all)  allowable  error 
states  combinations  for  successful  grasp.  Algorithms  have  also  been  imple¬ 
mented  which  utilize  the  outputs  of  any  three  out  of  the  four  sensors  to 
indicate  the  "success  states".  This  is  useful  if  one  sensor  eventually 
fails,  or  if  one  sensor  eventually  misses  the  top  (reference)  surface  of  the 
grapple  fixture  due  to  allowable  lateral  alignment  errors.  (Note  that  the 
four-sensor  configuration  is  redundant  to  define  and  compute  depth,  pitch 
and  yaw  errors.  A  triangular  configuration  of  three  sensors  would  be 
sufficient  for  that  purpose.) 

For  the  sake  of  brevity,  only  one  "success  algorithm"  is  shown  in  this 
paper,  summarized  in  Figure  7.  It  is  called  "conic  algorithm"  since  it  con¬ 
denses  the  individually  allowable  pitch  and  yaw  errors  into  a  simple  allow¬ 
able  cone  angle  error  condition,  (See  Condition  2  in  Figure  7.)  Three  kinds 
of  "success  definitions"  have  been  developed,  each  with  three  sets  of 
"success  parameters".  All  nine  variations  have  been  implemented  for  "all 
four"  and  for  "three-out-of-four"  sensors.  All  together  18  algorithms  are 
stored  in  EPROM  in  the  microcomputer.  Any  one  of  the  18  algorithms  are 
easily  callable  by  dialing  the  appropriate  number  between  1  and  18  on  a  BCD 
switch  Integrated  with  the  microcomputer. 

Very  successful  operational  ground  tests  have  been  conducted  with  the 
sensor  and  simple  display  system  at  JSC  using  the  16-m  long  arm  of  the 
JSC  Manipulator  Development  Facility  in  realistic  large  payload  handling 
experiments.  Fig.  8  shows  a  floor  set-up  scene  (direct  visual  contact  with 
target)  for  capturing  a  moving  target.  All  together  112  test  runs  have  been 
performed  by  4  operators.  The  final  result  Ls  that,  when  the  "success  dis¬ 
play"  (tone  or  green  light)  was  on,  the  operators  got  a  capture  every  time. 
There  were  no  operator  mistakes  under  sensor-indicated  grasping  conditions, 
and  the  sensors  never  indicated  wrong  conditions  for  grasping.  Three  of  the 
four  operators  favored  the  buzzer  for  "success  display".  The  utility  of  the 
display  increased  with  difficulty.  The  display  was  required  to  aid  the 

operator  to  successfully  complete  the  most  difficult  tasks  without  error. 
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The  simple  success  display  (tone  or  green  light)  does  not  show  the 
details  of  the  three-dimensional  (depth,  pitch  and  yaw)  error  states.  Advan- 
ced  graphics  display  concepts  have  been  developed  and  implemented  recently 
using  the  JPL  teleoperator  breadboard  system  to  experiment  with  various 
rormats.  The  advanced  formats  have  been  designed  to  convey  to  the  operator 
not  only  the  ’success"  information  but  also  the  details  of  the  three  (depth 
pitch  and  yaw)  errors  so  that  the  operator  will  know  from  the  sensors  "what’ 
to  do  in  order  to  get  to  the  "success"  state  or  to  fine-control  the  grasp, 
.ig.  9  shows  an  advanced  "success  display"  concept  implemented  in  color 
grap  ics.  Success  is  indicated  here  by  all  error  bars  turning  green.  The 
unsuccessful  error  combinations  are  indicated  by  all  error  bars  turning  red. 
TOe  length  of  the  error  bars  is  proportional  to  the  respective  errors  under 
both  green  or  red  conditions. 


B*  Event^Driven  Force— Torque  Display 

Fig.  10  shows  a  six~dimensional  force-torque  sensor  integrated  with  the 
JPL/CURV  arm.  The  sensor  mechanism  has  been  built  by  Vicarm  Inc.  The  sensor 
electronics  and  data  handling  have  been  developed  at  JPL.  More  details  of 
this  sensor  system  can  be  found  in  Ref.  2.  Fig.  10  also  shows  a  graphics 
display  format:  each  force  and  torque  component  is  displayed  both  numeri¬ 
cally  and  graphically.  The  length  of  the  bars  is  proportional  to  the  value 
ot  the  respective  force  or  torque  components.  The  bars  originate  from  the 
center  vertical  line  on  the  screen.  To  the  left  from  this  center  line  the 
.orce-torque  field  is  negative,  to  the  right  it  is  positive.  The  force- 
torque  components  are  referenced  to  a  uand-based  coordinate  frame.  The  force- 
torque  distribution  seen  on  the  graphics  display  of  Fig.  10  actually  shows 
Che  forces  and  torques  felt  at  the  hand  base  while  the  hand  is  pushin^^  the 
object  as  indicated  on  the  sane  figure.  As  seen,  a  simple  push  scene "can 
generate  a  rather  complex  force-torque  relation  felt  at  the  hand  base. 

The  application  of  event-driven  displays  to  force-torque  sensor  data  will 
significantly  enhance  the  use  of  that  data  type  under  manual  or  computer  aided 
control.  The  events  marked  can  show  complex  relationships  between  forces  and 
torques  alone  or  in  combination.  Further,  when  the  desired  force-torque 
events  are  not  existing,  the  display  format  can  be  changed  to  show  the  opera¬ 
tor  what  has  to  be  done  to  reach  the  desired  state.  A  simple  example  can 
best  illustrate  the  concept. 

Consider  the  task  of  sliding  a  block  in  a  groove  across  a  table  bv  push¬ 
ing  it.^  (See  Fig.  U)  The  applied  forces  must  be  in  the  direction  of*  the 
groove  if  the  block  is  to  be  moved  efficiently  and  safely.  Fig.  11  also 
shows  an  appropriate  "event-driven"  display,  lihen  the  forces  are  applied 
correctly,  the  operator  will  know  it  by  the  event  indicator.  If  not,  the 
operator  will  see  the  force  errors  and  be  able  to  apply  the  needed  correc¬ 
tions.  Practical  application  and  demonstration  are  needed  before  the  bene- 
lits  of  this  display  concept  can  be  fully  documented. 

An  interesting  use  of  even-driven  displays  is  to  signal  the  operator  to 
switch  displays.  Say,  for  example,  it  is  necessary  to  move  a  manipulator  to 
an  object  and  then  move  the  manipulator  into  with  tiie  object  witnout 

knowing  the  exact  position  of  the  object  beforehand,  or’havlng  speciallv 
positioned  TV’s  showing  all  the  necessary  views. 
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With  event-driven  displays,  the  task  could  be  performed  as  follows: 
usinc;  a  proximity  event  display  set  in  a  position 

moves  the  manipulator  rapidly  towards  the  object.  ^iLhes 

•nanioulator  is  near  the  object,  the  operator  slows  its  motion  and  switcn 
^r^splav  to  a  force/torque  even  mode.  When  contact  has  been  achieved  the 
;jLa  or  is  again  signalled  before  the  forces  reach  an  unacceptable  level 
?£us  eveit-drlven  displays  used  in  combination  hold  great  promise  for  even 
^ea;er  benefits  in  thL  tasks  can  be  performed  more  rapidly,  more  reliably 
and  with  lower  expenditure  of  resources. 

C.  Event-Driven  Touch  Display 

The  touch  sensor  unit  being  used  here  has  two  4  by  8  matrices 
that  can  sense  app’ied  pressures.  These  matrices,  or  perhaps  som,  with  higner 
Doint  density,  can  be  mounted  on  the  inside  of  mechanical  fingers  (jaws)  an 
usercrsensl  contact  areas  or  the  location  of  points  of  contact  between  fin¬ 
der  and  object.  Similar  units  could  be  mounted  on  other  surfaces  to  sense 
5Se-  coft.irt  orces  or  patterns  of  contact  areas.  At  each  point  ot  the  sen¬ 
sor  ^tri^  the  pressures  applied  locally  are  sensed  by  measuring  the  conduc¬ 
tivity  of  a  pressure  sensitive  plastic.  The  measurement  concept  and  .he 
actual  sensing  elements  are  shown  in  Fig.  1.. 

-ig  1’  also  shows  the  basic  touch  sensor  displays.  The  numeric^ 
of  tl.o  seooor  output  glvo,  o 

•-he  aaplied  forces  distribution  and  is  particularly  useful  for  diagnostic 
••ork  ^The  color  or  3/W  shades  displays  are  more  graphic  and  are  easier  to 
understand  at  a  glance  although  less  information  is  presented. 

A  particular  event-driven  touch  sensor  display  is  planned  to  be  imple¬ 
mented  lo  further  enhance  Che  control  context  of  data  presented  to  the 
operator.  The  display  concept  (shown  in  Fig.  13)  is  aimed  to  give  a  quanti- 
cLive  indication  to  the  operator  when  the  contact  area  increases  '’F 
defined  amount.  Wiile  Che  pressures  applied  will  still  be  shown  as  d., 

Ught  shades  of  a  color,  the  color  itself  will  be  changed  to  reflect  Che  total 
anoli-d  pressure  over  a  given  area.  The  matrix  displayed  may  be  red,  if  less 
thL  ^’alf  the  sensitive  points  have  made  contact;  orange,  if  between  1/-  and 
3/4  have;  or  green,  if  more  than  3/4  have.  Thus,  a  green  condition  wixl 

signify  a  safe  grasp. 


V.  CONCLUSIONS 


n  Performance  tests  conducted  at  JSC  with  a  three-dimensional  proxi¬ 
mity  sensor  svstem  and  "go-no  go"  display  have  shown  the  basic  utility  of  a 
sinDle  event-driven  display  which  conveys  critica.  control  information  to 
the  operator  based  on  real-tlm'  algorithmic  evaluation  of  multidimensional 

data. 


2) 

sensory 

control 


In  general, 
information 
decisions  or 


event-driven  displays  enhance  the  control  context  o 
since  events  can  be  defined  with  respect  to  critical 
control  actions. 


f 
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•  j  nscd  oi  intsgf sting 

•X'l  Preliminary  experiments  strongly  ’■')  single  perception  format. 

4)  Extensive  ^  ^euSle'ratLg  of  the  different  for- 

5-i£-;s...;'s“-;:  M.-.!- ..  ~  --- 

of  event-related  human  factors. 
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APPENDIX 


1 .  Computer  System 

A  single  computer  system  is  used  for  software  development  and  display 
driving.  Its  principal  elements  are  shown  in  Fig.  14.  The  signals  to  be  dis~ 
played  can  come  from  any  of  five  sources:  JPL/AMES  arm  proximity  sensors, 
JPL/CURV  arm  proximity  and  force-torque  sensors,  touch  sensors,  or  the  JSC  four- 
claw  proximity  sensors.  (These  last  signals  come  through  an  Intel  80/20  pro¬ 
cessor.)  The  display  computer  processes  these  signals  into  the  desired  display 
format  so  that  they  may  be  seen  in  color  or  in  B/W,  with  or  without  alpha-numeric 
tex*_ . 


The  display  computer  is  an  SIOO  bus  based  system  and  employes  a  Z80  based 
processor  operating  with  a  4  MHZ  clock.  The  computer  communicates  to  the  outside 
world  through  a  7  channel  8  bit  A/D  converter,  2  serial  ports,  8  bit  parallel 
ports,  a  dual  floppy  disk,  and,  of  course,  a  graphics  color/BW  V/  splay.  The 
operator  interface  is  through  an  ADM-3A  terminal,  a  TTY  and  the  dual  disk. 

The  graphics  display  is  performed  by  DMA  on  a  memory  map.  That  is,  the 
display  driver  circuitry  timing  operates  independently  from  the  main  program  and 
shares  the  memory  storing  to  the  screen  image.  Various  display  parameters  are 
under  program  control:  display  on/off,  point  density,  B/W  or  color,  etc.  The 
graphics  densities  employed  are:  64  by  64  color  and  128  by  128  B/W  for  the  touch 
sensor;  128  by  128  B/W  for  the  proximity  sensors  on  the  JPL/CURV  and  i\mes  arms 
and  for  the  force-torque  sensor  on  the  JPL/CURV  arm;  and  C4  by  64  color  for  the 
JSC  four  claw  proximity  sensors. 

The  signals  from  the  JPL/Ames  arm  proximity  sensor  electronics  are  sent  to 
the  display  computer  on  4  analog  lines.  The  A/D  conversion  is  done  inside  the 
display  computer  by  an  8  bit  successive  approximation  converter.  Each  conver¬ 
sion  takes  about  5  js. 

The  signals  from  both  sensors  (proximity  and  force-torque)  on  the  JPL/CURV 
arm  are  converted  to  12  bit  digital  words  in  the  CURV  vehicle  electronics  and 
then  stored  in  a  buffer  memory  associated  with  the  Interdata  M70  minicomputer 
which  performs  control  and  supervisory  functions.  The  data  is  transferred  in 
parallel  to  the  display  computer  as  two  8  bit  words.  The  da^-j  to  be  transferred 
is  specified  by  the  address  sent  to  the  buffer  memory  from  the  display  computer. 

The  signals  from  the  touch  sensor  are  converted  to  12  bit' digital  words  by 
the  touch  sensor  electronics.  The  point  of  the  sensor  matrix  to  be  sampled  is 
under  control  of  the  display  computer.  An  address  is  sent  to  the  touch  sensor 
electronics,  the  point  is  sampled,  and  the  data  is  sent  to  the  display  computer 
as  two  8  bit  words.  Due  to  the  handshaking  signals  which  are  under  software 
control,  the  whole  process  takes  about  100  js. 

The  signals  from  the  JSC  four-claw  proximity  sensors  are  processed  bv  the 
Intel  SBC  80/20-4  computer.  Only  the  pitch,  yaw,  and  range  error  and  the 

/*event^V.  signal  arc  passed  over  to  the  display  computer.  These  signals  are 
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..colcd  into  tore,  8  bU  p-ollol  »=r<is  Jho  “"J^Srolh^v^rfrica”™ 

birron'rtL-p;^^:;;  tssif  rriS:  ;:t“soco„8  00.00  o8o„t  too  u.oo  ,ot 

second.) 

2 .  Sol twa r e  System 

,  Ttritter  in  assem'^ly  language 

Ti  e  software  for  the  display  P-/-- .^^^forrattiig  rate.  This  has  been  an 
to  maximize  the  signal  processing  and  disp.  >  logically  and  mathe- 

eft-ective  approach  since  the  P^Jf  \,„gu3ge  version  of  a  program  takes 

TSi;-:K\^r.,:fti^;to?e!Tni  'the^^achine  iangnage  version  i-:K  bytes. 

ll.  programs  have  been  written  in  a  7^,^ ^rfro^oufiLr^ 

Lovel  Js  a  sequence  of  calls  to  -^routines  The^iirst^c^ 

which  initialize  constaats  and  “P  g^e  if  the  display  program  should  be 

main  program  loop  which  cal  s  rou  kevboard  inputs,  input  data, 

exited,  change  parameters  based  format  the  data  for  the  displays,  etc. 

calibration  of  data,  perform  logic  tc  t.,  o  functions 

Eak  of  those  Shb.stlnes  Is  a  oooplete^lohtos.^en^^  bees  tabes 

“t  ^heiSer‘'levelfof'subroutinos.  “4rams!'‘’'Thuf 'to  perform 

Tm^if  ftaftlrn  fhf Ll^^rr^e^tt ifSeded.  further  the  opera- 

r::ror;i;e%;rtei  ^ordemonstratlons  is  Simplified. 

The  urogram  for  displaying  “  !jrd5sp1  av'Su^er'p'ro- 

jPL/CURV  arm  and  performing  event  ^  ^,f  pig.  15.  The  actual 

grams.  The  first  level  and  displaying  it  are  shown  in  part  B 

orocess  for  getting  the  dat. ,  P  structure  was  a  significant  nelp  m  adding 

of  Fig.  15.  The  modularity  of  e  „  ^3^,5.  All  that  was  necessary  was 

the  event  logic  and  display  tbe  pri  and 

to  add  the  two  blocks  which  P*:^;  ^  changing  the  JPL/Ames  arm 

displav  the  event  blinker.  Liktwis  ,  proximity  sensors  all  that 

j“Lt-  pto.tbt.  t,  .8  ^s'.rD.?a"  LbtoutlhO.  Tito  .sbtouttnes, 

■fhJtSrhrs!!;”  w”:  .brefo:'  ptevlo„.  fot=o-hot,h.  sessot  ptbSt,.. 
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EQUAL  LENGTH  (Y  )  OF  TWO  BEAMS 
(DjAND  D^)  CAN  BE  AN  "EVENT" 


EQUAL  iMAGNITUDE  OF  TWO 
ORTHOGONAL  FORCE  COMPONENTS 
CAN  BE  AN  "EVENT" 


s-  =  range  measured  by  sensor  "  (•  ",  f  =  1,2, 3, 4 

D  =  DISTANCE  |  PRESET  PARAMETERS 

T  =  TOLERANCE  ) 

logic  DEFINITIONS  FOR  EVENT  Ej  =  {xf 
E-  =0FORK>0:  EVENT  ISN'T  THERE,  BLINKER  "OFF" 
p  -  1  for  K<0:  event  OCCURED,  BLINKER  ON 


1. 


2. 


3. 


4. 


EVENTS 

logic  EQUATIONS 

YAv;  alignment  at  ^ 

"D"  WITH  "T"  TOLERANCE 

E^  =  1  IS^  -Dl  -T>0  }.{  IS2  -D|  -T>0} 

YAW  alignment  ONLY 

WITH "T"  TOLERANCE  1 

E2  =  |lSi-S2i-T>0} 

ROLL  ALIGNMENT  AT 
"D"  V/ITH  "T"  TOLERANCE 

E3  =  {|S3-D1  -T>0H  IS4-DI  -T>0} 

ROLL  ALIGNMENT  ONLY 

WITH  "T"  TOLERANCE 

E4MIS3-S4l-T>0l 

Figure  3.  Proxiaity  Sensing  Events  Example 
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ORIGINAL  PAfiK  is 
OF  POOR  QUAUTY 


ANALOG  SIGNALS 


VOLT 


SENSOR  1 

SENSOR  2 

SENSOR  3 

SENSOR  4 

LOGIC  LEVEL 

SENSOR  1 

SENSOR  2 

SENSOR  3 

SENSOR  4 


:[ 

IL 

1 


SUCCESS;  EACH  of  the  four  sensors  output  is  in  logic  state  -M" 

(THEN  tone  and/or  GREEN  LIGHT  ARE  AUTOMATICALLY  TURNED 
ON  INDICATING  TO  OPERATOR  THAT  DEPTH  POSITION  AND  PITCH 
AND  YAW  ALIGNMENTS  OF  END  EFFECTOR  ARE  OK  FOR  SUCCESSFUL 
GRASP  OF  TARGET) 


Figure  6.  Analog  "Event  Logic"  Indicating  Acceptable  Combinations  of  Range, 
Pitch  and  Yaw  Errors  for  Successful  Crasp  Using  Four  Proximity 
Sensors  Integrated  with  JSC  Four-Claw  End  Effector 
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Figure  7 


-  MEASUREMENTS  - 


SENSOR 
DISTANCE 


H  =  RANGE 
OR  DEPTH 


r777777777777^'‘7777777^777777^77777777 


C,  in. 

1.0 

0.5 

0 


K  = 


^D  ■ 


Ha  Hg 


H,  in. 


C  IS  A  MEASURE  FOR  PITCH  AND  YAW  ERRORS;  C  =  f(H) 


-  SUCCESS  LOGIC  - 


®  H^<H<Hd 

WHERE  H  =  1/2  (D^  +  Dg) 

1/2  (D2  +  D^) 

(D  (D,-d/  +  (D2-d/51 

WHERE  L  =  ■= 

IF  BOTH  CONDITIONS  ARE  TRUE 
THEN  LIGHT/BUZZER  ARE  ON, 
OTHERWISE  OFF 


Ha  '  Hg  ,  H^  ,  Hp  AND  K 

(AND  IMPLICITLY  ALSO  C*) 
ARE  PRESET  CONTANTS 


f(H)  IS  GIVEN  BY  THE 
TRAPEZOID  FORMULA 
SHOWN  ABOVE 


Conic  Algorithm  Indicating  Acceptable  Combinations  of  Range,  Pitch 
and  Yaw  Errors  for  Successful  Grasp  Using  Four  Proximity  Sensors 
Integrated  with  JSl  hour-CIaw  tnd  Et lector 
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COLOR  GRAPHICS  FORMAT 
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ORIGINAL  PAGE  IS 
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Figure  10. 


Force-Torque  Sensor  Measurement  Transformation 
and  Graphics  Display 


A.  FORCE  CONTROL  TASK: 


T  =  TOLERANCE 


B.  FORCE  SENSOR  TASK  DISPLAYS: 


Figure  Li.  l-orce-Torque  Sensing  event  Example 
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EVENT: 


INCREASE  OF  CONTACT  AREA 


DISPLAY 
FORMAT  OF 
4x8  =  32 
SENSITIVE 
CELLS; 


IF  NO.  OF  SENSITIVE  SC  <16  16<SC<24 

CELLS  (SC)  UNDER 
PRESSURE  IS: 


THEN  COLOR  IS:  RED  YELLOW 


(NB:  THE  SHADED  CELLS  ARE  THOSE  UNDER  PRESSURE. 
THEY  HAVE  TONES  IN  THE  RESPECTIVE  COLORS 
DARKER  THAN  THE  UNSHADED  CELLS.) 


SC  >24 


GREEN 


Figure  13.  Touch  Sensing  Event  Example 
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J  PL/AMES 
ARM  _ 

PROXIMITY 
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JPL/  CURV 
ARM 
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SENSORS 


FORCE- 

TORQUE 

SENSOR 


rEisPLAY  SYSTEM 
DIGITAL  COMPUTER 
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JPL/CURV  ARM 
ELECTRONICS 
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CONTROL 
t  DATA 


CONTROL 

STATION 


TOUCH 

SENSORS 
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SENSOR 

ELECTRONICS 


MEMORY 
\<^  33K  RAM 
15KEPROM 


GRAPHICS 

hC=0|  DISPLAY  I — I 
DRIVER 


ADDRESSES 


SHUHLE  APPL 

PROXIMITY 

SENSORS 


INTEL  SBC  80/20-4 


PERIPHERALS 

•  ADM-3A 

•  TTY 

•  EPROM  PROGRAMMER 

•  DUAL  FLOPPY  DISK 
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DATA  ONLY 


FOR  EXTERNAL  DEVELOPMENT  ONLY 


J 


Fij»ure  14.  Computer  System  tor  Sensor  Data  Graphics  Displays 
in  the  JPL  Teleoperator  Project 


331 


A.  OVERALL  PROGRAM  STRUCTURE 


B.  GET  DATA  AND  DISPLAY  FUNCTIONS 


lire  15,  Software  System  S tructure - f or  Proximity  Sensor  Data 
Display  in  the  JPL  Teleoperaiior  Project 
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INTRODUCTION 


SIMFAC  is  a  general-purpose 
real-time  simulation  facility 
currently  configured  with  an 
Orbiter-like  Crew  Compartment 
and  a  Displays  &  Controls  (D&C) 
Subsystem  to  support  the 
engineering  development  of  the 
Space  Shuttle  Remote 
Manipulator  (SRMS ) . 

The  simulation  consists  of  a 
software  model  of  the 
anthropomorphic  SRMS 
manipulator  arm  including  the 
characteristics  of  its  control 
system  and  joint  drive  modules. 
Structural  flexibility  is 
modelled  by  presenting  the 
principal  modes  in  six  degrees 
of  freedom. 

The  SRMS  control  system  is 
normally  operated  in  a  Resolved 
Motion  Rate  Common  mode, 
commonly  known  as  the  Manual 
Augmented  or  simply  Manual 
mode.  The  point  of  resolution 
if  just  inside  the  tip  of  the 
End  Effector  of  the  arm,  where 
the  head  of  the  Payload  Grapple 
Fixture  would  fall  when  'in  the 
nominal  position  for  legal 
capture.  A  Single  mode  is  also 
available  for  selection, 
whereby  the  Operator 
individually  commands  each 
joint  in  turn.  In  both  of 
these  modes  a  Coarse/Vernier 
range  may  be  selected,  and  Rate 
Hold  function  may  be  apolied  in 
the  Manual  mode. 

Four  coordinate  systems  may  be 
selected  which  define  the  point 
of  resolution  and  the  spatial 
system  response  to  hand 
controller  inputs.  The 
principal  reason  for  this  is  to 


enable  the  Operator  to  move  the 
End  Effector  (and  the  Payload 
when  attached)  in  the  most 
direct  way  possible  and  reduce 
the  amount  of  mental 
transformation  required. 

Automatic  sequences  are 
available  to  manoeuvre  the  arm 
between  fixed  points.  A 
terminal  position  and  attitude 
may  be  determined  by 
pre-programming  or  by  detailed 
Operator  input  via  a  keyboard. 
The  system  will  move  in  an 
opt imized  path  to  the  terminal 
point,  provided  the  initial 
conditions  have  been 
fulfilled. 

SIMULATION  i  SCENE  GENERATION 
^'BSYSTEMS  - - - - 

A  master/slave  computer  pair 
(TI  980B),  an  Array  Processor 
and  floating-point  hardware 
complex  execute  all 
computations  under  a 
simulator-oriented  multi-task 
operating  system  (SIMTOS), 
driving  a  multi-process 
interface  to  which  all 
displays,  instruments  and  other 
input/output  circuitry  are 
connected.  An  extensive  set  of 
peripherals  perform  data 
gathering  and  software 
de ve lopme n t/ma in te nance  tasks . 

Displays  in  SIMFAC  are  driven 
by  a  set  of  three  Varian 
computers  {V73),  an  array 
processor  and  picture 
generation  hardware.  An  Aft 
and  an  Overhead  out-the-window 
scene  are  presented  on  two 
large  CRT  screens  equipped  with 
pancake  windows  to  approximate 
infinity  optics.  Two  smaller 
monitors  simulate  CCTV  scenes 
from  six  possible  camera 
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positions  in  selected  pairs.  Of 
these  the  camera  mounted  on  the 
wrist  of  the  arm  seems  to  carry 
the  greatest  impact  and  will  be 
discussed  in  detail  below. 

The  visual  presentation  is 
driven  by  a  serial  data  link 
output  from  the  simulation 
subsystem,  delivered  every  50 
msec,  the  pictures  are 
refreshed  three  times  between 
the  frame  updates.  Camera 
controls  enable  the  Operator  to 
zoom  all  cameras,  and  to  pan 
and  tilt  all  except  the  End 
Effector  (Wrist)  Camera. 

Cockpit  displays  and  controls 
resemble  the  Manipulator 
Station  of  the  Orbiter.  Mode 
selector  switches,  digital 
pos i t ion/attitude/rate  readouts 
and  a  comprehensive  Caution  & 
Warning  annunciator  panel  are 
mechanized  and  driven  by  the 
main  model  outputs. 

A  Translational  (THC)  and  a 
Rotational  Hand  Controller 
(RHC)  are  mounted  to  the  left 
and  right  of  the  D&C  panel.  The 
THC  has  one  linear  and  two 
pivoted  axes  in  a  package 
representing  the  flight 
article.  It  controls  the  rates 
of  movement  in  the  X,  Y  and  Z 
freedoms  of  the  point  of 
resolution  in  the  coordinates 
selected.  The  RHC  has  three 
pivoted  axes  and  controls  the 
attitude  (anqular)  rates  about 
the  point  of  resolution.  It 
also  carries  the  Rate  Hold, 
Capture/Re  lease  and 
Coarse/Vernier  auxiliary 
controls.  The  THC  has 
rate-dependent  damping,  both 
have  spring  return  and  breakout 
forces. 


Caution/Warning  annunciators 
include  a  Master  Alarm  coupled 
with  an  audio  tone,  and  a 
lighted  annunciator  panel.  The 
two  most  frequently  activated 
are  the  Reach  Limit  Alarm, 
indicating  that  one  of  the 
joints  is  too  close  to  its 
angular  limit,  and  the 
Singularity  alarm  signalling  a 
limited  arm  geometry  such  as 
that  of  the  arm  at  rest  in  its 
latches,  fully  extended  and 
unable  to  accommodate  an 
applied  load  by  yielding  to 
excessive  forces. 

The  manual  control  problem  can 
be  appreciated  by  considering 
that  the  design  load  limit  of 
the  arm  is  a  deflection  of  25.4 
mm  (1.0**)  under  a  lateral  force 
of  4536  g  (10)  lbs,  with  the 
not-to-exceed  limit  being  4763 
g  15  lbs.  Software  stops 
provide  protection  by  refusing 
to  drive  a  joint  into  its  hard 
stops  and  arm  movement  ceases 
completely  if  the  Reach  Limit 
alarm  does  not  result  in  the 
reversion  of  the  manual 
inputs . 

THE  SRMS  TASK  IN  SIMFAC 

The  prinq^ipal  task  of  the  SRMS 
Operator  is  to  manoeuvre  the 
arm  and  its  End  Effector  into  a 
precise  position  and  attitude 
with  respect  to  the  Payload  in 
order  to  establish  a  rigid 
contact  with  the  Grapple 
Fixture,  and  thence  manoeuvre 
the  Payload  into  the  desired 
position  and  attitude  with 
respect  to  the  appropriate 
coordinate  references,  with 
zero  residual  energy  remaining 
in  the  total  system.  In  real 
life,  the  End  Effector  must  not 
contact  the  Payload  until  the 
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latter  has  been  secured  against 
escape f  and  must  not  touch  any 
other  part  except  the  grapple 
fixture.  The  Payload  may 
initially  be  moving  with 
respect  to  the  Orbiter  or  it 
may  be  docked  and  secured  in 
the  Cargo  Bay  of  the  Orbiter. 
Relative  velocity  in  excess  of 
0.061  m/s  (0,2  fps)  constitutes 
an  illegal  capture  condition 
where  contact  must  not  be 
attempted.  The  arm  must  arrest 
the  Payload  within  603  mm  (2.0 
feet)  after  Capture.  The 
positioning  accuracy  must  be 
such  that  the  maximum  size 
Payload  13.24m  long,  4.56  m  dia 
(or  60  feet  long  x  15  feet 
diameter)  can  be  placed  into 
the  Cargo  Bay  with  an 
all-^around  clearance  of  76.2  mm 
(3.0  ins) . 

In  the  case  of  the  simulated 
moving  Payload,  the  Operator 
must  establish  stable  tracking 
with  the  End  Effector  before 
attempting  to  grapple,  in 
approx.  80  secs,  from  the  time 
the  Payload  enters  the 
effective  reach  envelope  of  the 
arm.  This  phase  is  the  most 
dynamic  of  the  entire  control 
task  and  will  be  the  principal 
subiect  of  discussion  from  here 
on.  The  tracking  and  eventual 
capture  are  based  almost 
exclusively  on  the  visual 
information  provided  by  the 
CCTV  camera  carried  by  the  arm. 
This  scene  is  presented  on  a 
small  CCTV  monitor  to  the  right 
of  the  Operator  with  a  reticule 
applied  to  the  glass  envelope. 
This  "gunsight”  scene  has  a 
significant  impact  on  the 
Operator;  any  high  rate  of 
movement  or  oscillatory 
behaviour  generates  a  high  gain 
condition  in  the  external 


man-machine  loop,  increases  the 
workload  and  may  lead  to  PIO 
{ Ope  ra t ion-I nduced 
Oscillations).  Among  other 
things,  it  encourages  capture 
attempts  ”on  risk”,  i.e. 
without  the  assurance  of  being 
within  legal  limits.  Since  the 
camera  is  simulated  as  mounted 
on  the  wrist,  a  less  than 
stable  platform,  arm 
flexibility  effects  generate 
just  such  visual  dynamics,  in 
addition  to  those  produced  by 
the  real  movement  of  the 
Payload  with  respect  to  the  End 
Effector.  Furthermore,  the 
Operator  is  not  positioned  on 
the  same  platform,  hence  he 
will  not  receive  motion  cues  to 
help  him  compensate  for  the 
lively  visual  scene. 

A  less  dynamic  but  equally 
difficult  situation  ensues  when 
the  principal  axes  of  the 
Payload  or  the  End  Effector  are 
displaced  from  being  parallel 
to  those  of  the  Orbiter.  The 
four  available  coordinate 
systems  recognized  by  the 
control  algorithm  are 
referenced  to  the  End  Effector, 
the  Orbiter,  and  the  Payload, 
respectively,  and  the  fourth  is 
divided  between  the  Payload  for 
attitudes  and  the  Orbiter  for 
translations.  Euler  sequences 
destroy  the  spatial 
correspondence  between  the  hand 
controllers  and  system  response 
where  the  coordinate  system  in 
use  moves  with  the  Payload  or 
End  Effector,  but  the  Operator 
remains  "frozen”  to  the 
Orbiter.  Furthermore ,  a 
coordinate  system,  consistent 
in  the  engineering  sense,  will 
generate  contradictory  display 
increments  and  cause  wrong-sign 
inputs  unless  its 
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convention  is  duly  adjusted  to 
conform  with  the  aeronautical 
"positive'*  and  "negative**  in 
terms  of  switch  or  stick 
movements . 

In  summary/  the  SRMS  command 
task  is  somewhat  similar  to 
flying  a  airplane  by  remote 
control/  rather  than  that  of 
piloting  an  aircraft. 

OPERATOR  TACTICS  AND  OPTIONS 

Successful  Operators  in  the 
SIMFAC  simulations  have  quickly 
learned  to  accommodate  the 
basic  system  responses  and 
developed  individual  but 
similar  command  techniques.  In 
the  capture  task  they  eliminate 
attitude  errors  first/  in 
Coarse  mode  at  a  safe  distance 
from  the  Payload/  then  use 
long/  smooth  approaches/ 
maintain  tracking.  They  apply 
ramped/  well-damped  command 
inputs  to  avoid  flexibility 
effects  and  to  reduce  the  image 
displacement  rate  on  the  End 
Effector  qunsight  scene.  One 
attitude  and  one  translational 
correction  is  applied  as  a  pair 
to  avoid  roll-oitch 
cross- coupi inq  and  to  minimize 
target  displacement  on  the  CCTV 
scene.  Trained  Operators 
maintain  a  good  inner  image  of 
the  arm  geometry  and  are  able 
to  avoid  joint  angle  lirits, 
estimate  the  total  arm 
performance  available  and  even 
trade-off  rotational  vs. 
translational  corrections  for  a 
smooth  and  efficient  approach. 
The  SIMFAC  hand  controller 
characteristics  are  said  to 
make  a  significant  difference 
against  earlier  models  which 
had  no  damping  and  generally 
poor  engineering  quality. 


Operator  options  such  as 
Vernier  selection  which  reduces 
the  command  authority  to  10%/ 
and  Rate  Hold/  are  used  by  all 
Operators/  the  former  mostly  to 
reduce  the  liveliness  of  the 
g‘’nsight  scene  and  to  increase 
precision  as  required.  The 
system  applies  Vernier 
automatically  on  Capture/  i.e. 
during  the  transition  between 
unloaded  and  loaded  arm,  and  a 
manual  selection  reduces  the 
Loaded  Vernier  velocity  to 
50%. 

WORKLOAD 

A  peak  is  reached  during  the 
Track  and  Capture  task.  Arm 
flexibility  effects  appear  in 
the  CCTV  reticule  as  elliptical 
oscillations/  easily  excited 
with  high  visual  effects 
especially  at  close  range. 
However,  they  damp  out  if  not 
further  excited  and  true  PIO 
does  not  develop.  The  spare 
Operator  capacity  is 
significantly  reduced,  the 
qunsight  scene  is  the  focus  of 
intense  concentration.  The 
selection  of  Vernier  is  easily 
predictable  for  most  Operators, 
as  a  function  of  range  from  the 
Grapple  Fixture,  since  it  is 
determined  by  their  acceptance 
of  activity  on  the  CCTV  scene. 

Other  sources  of  increased 
workload  include  the  necessity 
to  make  ramped  inputs  to 
command  precision  movements,  to 
perform  mental  transformations 
in  Payload  manoeuvering  and  the 
management  of  the  D&C 
subsystem,  especially  while 
operating  in  the  Single  mode, 
controlling  each  joint 
individually.  Ramped  inputs 
require  high  concentration  over 
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many  seconds;  well-balanced  and 
damped  hand  controller 
characteristics  are  essential. 
Coordinate  transformations  also 
require  high  mental  effort 
during  the  final  phases  of 
Payload  positioning,  since  a 
wrong-sign  input  will  not  only 
disturb  a  near-perfect 
deployment  condition,  but  many 
cause  collisions  during  the 
berthing  task,  with  the  Payload 
in  close  proximity  with  the 
Orbiter . 

Displays  and  Controls 
Management  involves  mode 
selection  and  display 
selection,  since  all  parameters 
cannot  be  simultaneously 
displayed;  XY2  position  and 
pitch-yaw-rol 1  attitude  must  be 
selected  for  digital  display 
readout.  Mode  selection  must  be 
followed  by  an  Enter  command  to 
be  accepted  by  the  system.  The 
Single  mode  involves  not  only 
display  selection  (associated 
with  the  tasks  the  mode  is 
normally  used)  but  also  the 
selection  of  each  of  the  six 
joints  followed  by  the 
operation  of  a  double-throw 
switch  for  positive  or  negative 
input . 

In  summary,  the  Resolved-Motion 
Rate  Control  system  provides 
adequate  means  to  control  the 
manipulator  arm  by  one  Operator 
as  specified  for  the  SRMS 
tasks*  Research  work  at  MIT, 
NASA/ JSC,  NASA/Ames  and 
NASA/Marshall  have  been 
compared  with  some  experimental 
setups  at  Martin-Marietta,  as 
well  as  Honeywell  and  CAE 
experience  in  fly-by-wire 
applications,  and  command 
philosophies  such  as  the 
replica  arm  and  force-stick 


controllers  have  been 
considered  but  later  rejected 
in  favour  of  the  displacement 
stick  and  rate  command  with 
resolved-motion  augmentation. 

A  six  degree-of-freedom 
controller  would  have  been 
favoured  for  a 

single/command/input  point  but 
had  to  be  abandoned  for  lack  of 
cockpit  space  and  because  of 
higher  design  risk. 

OPERATOR  ERRORS  AND  SOURCES 

Up  to  the  time  of  this  writing, 
the  main  SIMFAC  effort  was 
directed  to  validate  the 
flexible  arm  and  SRMS 
subsystems  simulation,  and  to 
establish  basic  controllability 
and  operability  for  the  tasks 
specified.  Initial  work  has 
been  completed  to  simulate 
malfunctions  and  off-nominal 
conditions  to  verify  procedures 
and  indicate  parameter 
sensitivities.  No  attempts 
have  been  made  to  simulate 
side-tasks,  Orbiter  environment 
and  on-orbit  workload.  However, 
comments  of  Operators  have  been 
carefully  recorded  and 
analyzed,  and  their  assessment 
of  their  own  performance  was 
elicited  whenever  practicable, 
both  in  terms  of  the  simulation 
and  the  simulated  SRMS  tasks. 

Short  of  malfunctions,  the 
reference  coordinate  systems 
and  sign  conventions  presented 
the  greatest  single  problem  as 
soon  as  human  operators  were 
inserted  in  the  control  loop. 

The  End-Effector  CCTV  scene 
with  its  reticule  is 
essentially  a  fly-to  display. 
One  of  the  Alignment  Aids 
(Payload  target)  resembled  the 
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small  aircraft  symbol  usually 
found  on  artificial  horizons 
and  flight  directors.  An 
Operator  with  long  flying 
experience  promptly  reverted  to 
the  fly-from  technique 
associated  with  that  type  of 
instruments  and  has  had 
considerable  trouble  in 
readjusting  his  thinking  during 
the  demanding  Track  and  Capture 
task.  With  a  different  target 
he  had  no  difficulty. 

Arm  geometry  causes  non-linear 
responses  due  to  limitations  in 
the  individual  joint  drives, 
necessary  to  ensure  that  the 
End  Effector  does  not  exceed 
certain  velocity  limits.  Finite 
joint  ranges  and  arm 
s incul ar i t ie s  also  cause 
uncommanded  stoppages.  While 
most  of  these  effects  can  be 
avoided  or  accommodated  by 
trained  Operators,  the  visual 
conditions  in  SIMFAC  do  not 
provide  texture,  hardware 
markings,  shadows  and  other 
assistive  side  effects. 

Visual  conditions  in  the  Space 
Shuttle  are  expected  to  vary 
between  extremes,  from 
sunshafting  and  specular 
reflections  to  near-total 
darkness.  Wide  variations  in 
illumination  will  occur  with 
every  adjustment  of  the  Orbiter 
attitude  or  Payload  position. 
Judgement  of  depth  or  X-ranging 
is  expected  to  be  poor  in  real 
life  as  it  is  in  SIMFAC,  with 
its  two-dimensional  visual 
displays. 

The  dynamic  aspects  of  the 
SIMFAC  visual  presentation  are 
quite  adequate.  However,  the 
SRMS  task  itself  produces 
low-key  visual  cues  with  low 


dynamics,  difficult  to  detect 
and  monitor.  A  18.24m  (60  ft.) 
long  Payload  suspended  say 
15.2m  (50  ft.)  away  from  the 
Operator  may  have  a  very  low 
yaw  rate  but  its  end  bulkheads 
move  with  relatively  high 
speed,  and  may  contain  great 
energy  with  the  maximum  Payload 
mass  of  29,484  Kg  (65,000  lbs). 
Furthermore,  arm  flexibility 
effects  and  control  system 
responses  are  very  similar  in 
tneir  visual  aspects  under 
certain  circumstances  near  the 
Cargo  Bay,  potentially  inducing 
the  Operator  into  erroneous 
corrective  action. 

The  SIMFAC  Displays  and 
Controls  Subsystem  resembles 
the  Orbiter  complement  but  is 
not  completely  representative 
of  it  and  lacks  some  of  the 
visual  impact  of  the  flight 
article.  The  hand  controllers 
are  engineering  model  quality 
but  well  engineered  and  have 
acceptable  force 
characteristics  and  feel. 

The  harmony  of  manual  input  to 
system  response  is  generally 
good,  the  controllers  providing 
a  one-to-one  relationship  with 
the  desired  Payload  or  End 
Effector  movement.  The 
displays  follow  the  system 
responses  adequately  and 
present  necessary  and  useful 
task  information.  However,  the 
harmony  between  the  command 
inputs  and  the  display 
responses  is  not  optimized  in 
that  the  position  and  attitude 
information  is  referred  to  the 
Orbiter,  while  the  command  axes 
may  be  transferred  to  the  End 
Effector  or  Payload.  Hence, 
the  uame  manual  input  will 
drive  one  display  window  or 
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another,  depending  on  the  Euler 
angles.  The  Operator  then  has 
to  compensate  with  mental 
transformations  and  therefore 
is  prone  to  errors  and 
incorrect  inputs.  This  effect 
is  most  noticeable  in  precision 
manoeuvres  during  Berthing  and 
Payload  Deployment,  when  the 
Operator  is  "flying  the  Payload 
on  instruments",  i.e.  making 
final  adjustments  by  the 
digital  displays.  This 
observation  on  SIMFAC  resulted 
in  a  change  of  SRMS  coordinate 
systems  and  displayed  values. 

The  management  of  displays  and 
controls  is  a  significant  side 
task  with  some  peak  workloads 
occurring  in  parallel  with 
other  high-activity  periods. 

AREAS  FOR  FURTHER  WORK 

Visual  improvements  are  being 
planned  for  SIMFAC.  Full 
hidden  line  removal  and 
additional  scene  contents  are 
considered.  As  noted  above, 
the  dynamics  of  the  visual 
scenes  are  largely  satisfactory 
and  carry  a  high  impact. 

Orbiter-SRMS  interaction, 
namely  reactive  forces  and  the 
operation  of  the  Orbiter 
attitude  control  systems,  have 
not  been  fully  simulated  in 
SIMFAC. 

Man-machine  integration  and 
rigorous  Operator  modelling 
work  would  be  most  desirable 
from  the  resarch  point  of  view, 
since  these  are  outside  the 
scope  of  an  industrial 
development.  Multi-axis  hand 
controllers,  computer-driven 
active  force  feel  systems, 
integrated  displays  may  be 


needed  for  future  aenerations 
of  Remote  Manipulators.  The 
loop  dynamics  exhibited  by  the 
wrist  camera  in  this  simulation 
in  connection  with  the  human 
visual  and  neuromotor  channels 
is  peculiar  to  large 
manipulators  and  presents  a  set 
of  interesting  modelling  tasks 
in  itself. 

GENERAL  OBSERVATIONS 

The  simulation  as  a  whole  is 
considered  successful,  judging 
from  the  reaction  of  Operators 
to  computer  glitches  and 
malfunctions.  These  indicate 
that  the  experienced  Operator 
is  very  much  in  the  simulation 
picture  and  is  using  his  best 
efforts  to  perform  the  task. 

Learning  curve  effects  are 
readily  visible  and  repeatable, 
well  documented.  The  task 
presented  in  SIMFAC,  that  of 
capturing  a  free-flying 
satellite  and  berthing  it  into 
the  Cargo  Bay  is  deemed 
equivalent  to  the  worst  case 
task  expected  to  be  attempted 
in  real  life. 

Quick  setup  and  initialization 
capability  of  SIMFAC  facilities 
manned  simulation  under 
reasonably  consistent 
conditions. 

The  observed  command  strategy 
and  Operator  behaviour,  as  well 
as  individual  performances, 
clearly  indicate  not  only  the 
existence  of  an  "inner  model" 
but  the  necessity  of  one  even 
in  the  static  sense,  whereby 
some  Operators  manage  to 
maintain  a  picture  of  arm 
conf iquration  regardless  of  arm 
visibility,  and  avoid  potential 
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joint  limits,  singularities  and 
collisions* 

Some  Operators  perform  equally 
well  in  dynamic  and  precision 
manoeuvres,  others  exhibit  a 
distinct  preference  and  success 
in  one  or  the  other.  No 
explanation  is  offered  at  this 
time  except  the  possibility 
that  the  force  characteristics 
of  the  hand  controllers  may 
have  enhanced  competence  in 
some  cases  by  matching  the 
individual  neuromotor  systems. 

The  flexibility  of  the  dynamic 
arm  oresented  a  distinct 
increase  of  task  difficulty 
comoared  to  the  kinematic  arm 
model,  but  all  operators 
manaaed  to  adapt  their  input 
rates  and  control  strategies  to 
overcome  these  effects.  It  may 
be  noted  that  both  the 
increased  dynamics  in  the  wrist 
camera  scene  due  to 
flexibility,  and  the  absence  of 
an  alignment  aid  target,  led  to 
attempts  to  capture  with  less 
than  proper  alignment  or  at  a 
questionable  capture  distance. 

Simulitsd  malfunctions 
presented  in  SIMFAC  generated 
three  distinct  phases  of 
response  in  each  Operator 
participating  in  the  tests.  At 
first,  a  malfunction  was 
immediately  considered  on  the 
SIMFAC  system,  i.e.  a 
simulation  error.  No  corrective 
action  was  attempted.  In  the 
next  phase,  most  Operators  ^ 
blamed  themselves,  claimed  Crew 
Error  and  tried  to  rectify  it 
until  they  realized  that  the 
cr i V0  commands  wora 
ineffective.  Finally, 
absolutely  everything  out  of 
line  was' suspect,  and 


immediately  questioned  as  to 
which  malfunction  is  being 
presented. 

From  the  point  of  view  of 
man-machine  integration,  the 
external  loop  composed  of  the 
Ooerator,  the  Wrist  Camera 
display  and  the  behaviour  of 
the" End  Effector  due  to 
flexibility  effects  and  arm 
Geometry  present  a  intricate 
problem.  It  is  impossible  to 
analyze  these  relationships  on 
oaper  and  understand  the  wide 
range  of  factors  involved,  many 
of  which  are  intangible,  such 
as  the  aeronautical  control 
conventions  ingrained  in 
Operators  with  piloting 
experience,  SIMFAC  has  some 
shortcomings;  to  be  sure;  the 
visual  scenes  lack  texture, 
reflections  and  shadows, 
contrast  and  similar  effects, 
but  the  dynamics  of  the 
presentation  are  sufficiently 
convincing  to  point  out  flews 
in  the  man-machine  interface 
and  to  validate  system 
stability  and  operability  with 
man  in  the  loop. 
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Abstract 


This  paper  discusses  the  potential  of  supervisory  controlled  tele¬ 
operators  for  accomplishment  of  -manipulation  and  sensory  tasks  in  deep 
ocean  environments,  and  discusses  one  such  system.  Teleoperators  and 
supervisory  control  are  defined,  the  current  problems  of  human  divers  are 
reviewed,  and  some  assertions  are  made  about  why  sxjpervisory  control  has 
potential  use  to  replace  and  extend  human  diver  capabilities.  The  relative 
rol^s  of  man  and  comouter  and  the  variables  involved  in  man-computer  inter¬ 
action  are  next  discussed.  Finally,  a  detailed  description  of  a  supervisory 
controlled  teleoperator  system,  SUPERMAN,  is  presented. 


1.  Taleoperators  and  Supervisory  Control 

Many  futxire  undersea  tasks  may  be  accomplished  by  ''teleoperators''. 

We  define  teleoperators  to  be  qeneral  purpose  subisersible  work  vehicles 
controlled  remotely  by  hxiiaan  operators  and  with  video  and/or  other  sensors, 
power  and  propulsive  actuators  for  mobility,  with  mechanical  hands  and  arms 
for  manipulation  and  possibly  a  computer  for  a  limited  degree  of  control 
autonomy.  A  manned  submersible  is  not  a  teleoperator  vehicle,  but  its 
attached  manipulators  are  certainly  teleoperators,  requiring  control  through 
a  viewing  port  or  through  closed-ciroiit  video.  Sometimes  the  term  "tele¬ 
operator"  is  restricted  to  telemanipulator,  excluding  the  system  for  re¬ 
motely  positioning  and  orienting  a  sensor,  but  for  the  sake  of  generality 
we  include  this  important  function. 

This  paper  focuses  on  those  aspects  of  undersea  teleoperation  which 
concern  the  human  operator  and  the  man-machine  interface,  and  within  this 
still  relatively  broad  domain,  it  concentrates  on  the  prospects  for  utili- 
za^on  of  "supervisory  control".  Supervisory  control  is  a  hierarchical 
control  scheme  whereby  a  system  f-*  ich  could  be  a  teleoperator,  but  could 
also  be  an  aircraft,  power  plant,  Jtc.)  having  sensors,  actuators  and  a 
computer,  and  capable  of  autonomous  decision-making  and  control  over  short 
periods  and  in  restricted  conditions,  is  remotely  monitored  and  inter¬ 
mittently  operated  directly  or  reprogrammed  by  a  person. 

The  distinction  between  direct  human  control  of  a  teleoperator  and 
supervisory  control  of  a  teleoperator  is  made  graphically  in  Figure  1.  In 


*  This  work  was  supported  by  Office  of  Naval  Research  (Contract  N00014-77-C-0256) 
and  oy  the  xrr  Office  of  Sea  Grant  (fiafciorieil  Oceanograpiue  and  Ataospheric 
Adadnistration ) .  1  1. 
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A  vehicle  having  sensora  and  actuators  for  mobility  and/or  manipulation 
controlled  by  a  human  operator,  and  thus  enabling  him  to  extend  hlfnself  to 
physically  remote  or  hazardous  environments* 


SUPERVISORY  CONTROL 

A  heirarchlcal  control  scheme  whereby  a  device  having  sensors,  actuators 
and  a  computer,  and  capable  of  automomous  decision  maVlng  and  control  over  short 
periods  and  restricted  conditions  is  retnotely  monitored  and  intermittently  operated 
directly  or  reprogrammed  by  a  person. 
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the  upoer  fioure  the  hunp.n  directly  controls,  over  either  a  vire  or  som-c 
communication  link,  the  separate  propulsive  actuators  of  the  vehicle,  the 
actuators  for  the  separate  degrees  of  freedom  of  the  manipulator,  and  the 
pan  and  tilt  actuators  of  the  video  camera.  The  video  picture  is  sent 
back  directly  to  the  operator.  The  "hand  control"  can  be  a  master-slave 
positioning  replica  or  a  rate  joystick. 

In  the  lower  figure  a  computer  is  added  to  the  teleoperator,  and  tor 
short  periods  and  limited  circumstances  this  teleoperator  may  function 
autonomous ly . 


At  the  bottom  are  generic  definitions  of  teleoperator  and  supervisory 
control.  The  tipper  drawing  portrays  the  former  without  the  latter.  The 
lower  drawing  is  the  combination. 

In  supervisory  control  the  teleoperator’s  (remote)  computer  conraunie 
cates  at  high  bit-rate  with  the  teleoperator ‘s  sensors  and  ac^tors.  But 
because  of  bandwidth  constraints  on  the  signal  transmission  link,  or  be- 
cause  of  t-leoperator  sensing  limitations,  communication  may  be  restricted 
to  low-bit-rate  with  the  human  operator's  (local)  computer.  Bor  this  reason, 
and  also  because  of  the  intermittent  nature  of  human  monitoring  and  repro- 
graitming  of  conraands  on  a  keyboard  (and  possibly  joystick  or  other  controls), 
the  human  supervisor's  communication  with  the  teleoperator  tends  to  be  at  a 
slow  rate,  i.e.,  intermittent  symbol  strings  or  movement  sequences  on  a 
master-controller  with  relatively  many  bits  per  instruction  package.  His 
coimnunication  with  the  Icjcal  computer  to  refresh  TV  images  or  to  edit  or 
■'rtfy  run"  his  commands  on  a  model  before  committing  them  to  action  may  be 
constrained  only  by  his  own  speed  limitations. 


The  physical  separation  of  local  and  remote  computer  is  not  necessary 
in  aircraft,  industrial  plants  or  other  systems  where  the  operator  is 
physically  nearby,  and  where  supervisory  control  is  used  for  reasons  other 
than  physical  remoteness  and  limited  communication  channel  capacity  be¬ 
tween  human  operator  and  the  object  of  control.  In  such  situations  super¬ 
visory  control  may  be  advantageous,  nevertheless,  to  achieve  faster  or  more 
accurate  control,  or  to  control  simultaneously  in  more  degrees-of-freedan 
than  the  operator  can  achieve  by  direct  servo-control,  or  to  relieve  him 
of  tedium.  The  latter  reasons  for  supervisory  control,  can  apply  to  under¬ 
sea  vehicles  -vhen  the  human  operator  is  not  physically  distant  (as  with 
manned  submerslbles )  or  to  \indersea  teleoperators  when  a  reliable  high- 
bandwidth  communication  channel  (wire  or  optical  tether)  is  available. 


2.  Whv  Teleoperators  Underseas?  The  Limits  of  Divers  and  Manned  Submerslbles. 

*  The  princiMl  reasons  for  interest  in  using  teleoperatorr  for  underseas 
tasks  are  dollar  costs  and  safety. 

Operations,  including  exploration,  inspection,  construction,  maintenance, 
salvage  and  rescue,  are  having  to  be  performed  at  increasing  depths.  At 
such  depths  -  below,  say  300m.  (depending  upon  the  paticular  task)  the  time 
required  for  divers  »  mostly  corapression/decompression  time  -  becomes  ex¬ 
cessive;  factors  having  to  do  witn  depth  per  se,  including  life  support  equip- 
ment,become  increasingly  costly;  personal  safe^  is  more  and  more  difficult 
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figures  for  cornierclal  divers  in  the  North  Sea. 

.u  nf-her  deDth-related  factors  may  require  qreater 

water  the^deconsDression-time  factor.  Under  such 

?SeS-SSml/  teleope«tor,which  sometimes  is  seen  as  too 

more  attractive  economically. 

,,  -1  i<t  nroore.ss  in  the  develooment  of  teleoperators,  and 

Happily,  Inspection  and  manipulation  tasks  which 

they  are  hecoisihg  less  ^  achievable,  due 

simply  ~uld  ^  of  vidL  systems,  mechanical  valves  and 

to  steady  progress  imnediate  future,  however,  the  prlrary  technoloq- 

SrSS^'Slch'S  cJltS^Se  prospects  for  undersea  teleoperstion  Is 
the  computer. 

Circa  1970  divers  seemed  to  have  the  edge  on  manned  work-vehicles  with 
Cir^  197U  ai^s  manipulation,  tactile  sensing, 

Bei:ause  of  smaller  unmanned  vehicles  and  eventually  th^gh 
and  covertness.  hf>-fpver  the  iiver  (especially  the  tethered 

^nned  untetoeredsVe  " Manipulation,  sensing  and  cognition  remain  the 
priSiy  advantages  for  the  diver,  but  the  computer  is  changing  these  also. 

?innr'^an  tS  hS^n  eye,  and  new  sonic  imaging  systems  can  see  through 
H  '  iv  1-tirbid  waters  where  neither  human  vision  nor  video  can  f\jnction. 
SSal  nsni^t^n  3  fid^  Ln  be  made  to  approximate  that  of  the  eye  by 
^ocusino  oresent  advantages  of  manned  submersibles  or  teleoperators  as 
^  ,^hg*f-i^r(Malecting  for  the  moment  personnel  rescue)  are:  steropsis 

and  the  abilitv  of  a  human  observer  with  a  wide  ancle 
for  of  tS“?Svc  locution  of  different  objeetp.  Ap 

f/cSmSiSSofShSel  Kp^veP,  to  the  point  where  the  mahlpul.tot 
«:,l?TS1SiS!;r?p=S?,  a  ..n  »  a  pubmarplbla  car.  c^trol  ^pu- 

It  controls  just  as  well  as  a  man  on  tne  surface. 

Th33j3  difference  remaining  between  manned  submersible  and 

ine  majot  4.^^  div^r-  *^6  oressxire  vessel  ana  lire- 

^3"  3lDn^t  ^k^the  manned  submersible  mich  more  costly  than  the 
^°°^hiSt^without^the  pressure  vessel  and  life-support  equipment  but 
TiS  3rti%:iS3  iite^3  the  factors  of  polity 
communication  and  remote  control  then  become  the  Key  factors. 

3.  supervisory  Control  of  Teleoperators  Underseas?  Some  Asserti^s 
about  the  Problem. 

increasinqlv  stringent  in  terms  of  depth,  sensory  xresolu- 
•  of  power  of  response  for  accomplishment  of  under- 

SrtaS?-  Some  of  these  tasks  are  always  the  Mine  and  are 
fSe?automation,  but  many  are  different  each  tame  they  occur  and  therefore 

cannot  be  done  by  fixed  automation. 
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b*  In  terms  of  depth  cind  skill  human  divers  are  reaching  their  limits, 
or  when  they  go  beyond  these  limits  they  do  so  at  significant  risk  to  life 
and  cost  in  support  equipment  and  personnel* 

Cm  Teleoperators,  i*e*,stibmersibles  having  video  and  other  sensors,  actu¬ 
ators  for  mobility  and  manipulation,  and  remotely  controlled  by  human  oper¬ 
ators,  offer  much  promise  for  extending  man’s  flexible,  adaptable,  perceiv¬ 
ing  and  control  capabilities  into  remote  and  hazardous  environments. 

d*  Present  teleoperators  are  quite  limited  in  sensory  capability  (e.g*,in 
turbid  water),  in  manipulation  capability  (in  speed  and  dexterity  as  compared 
to  hiaman  hands),  and  in  dealing  with  distortion  in  man-machine  communication 
(misorientation  of  teleoperator  to  htanan  body,  time  delays  and  noise)* 

e*  Computers  are  rapidly  getting  smaller  in  size  and  power  requirement 
and  cheaper  in  cost  for  a  given  computing  capability. 

f*  While  accomplishment  of  one-of-a-kind  undersea  tasks  by  intelligent 
and  completely  autonomous  robots  may  have  appeal,  we  simply  do  not  have 
available  at  this  time  such  devices  or  the  understanding  to  build  such  de¬ 
vices* 

g*  Undersea  systems,  like  aerospace  systems,  demand  conservative  design 
because  unreliability  poses  severe  costs. 

h*  The  most  immediate  and  reliable  approach  would  appear  to  be  to  add 
modest  computer  aiding  and  "artificial  intelligence"  to  teleopera tors,  re¬ 
taining  human  sensing,  motor,  memory  and  decision  capability,  at  least  for 
higher  level  planning,  decision-making,  and  control. 

i*  Over  a  longer  period  of  years,  as  computer  control  and  artificial  in¬ 
telligence  become  more  sophisticated,  certain  human  functions  in  teleoper¬ 
ation  may  be  replaced,  but  greater  need  and  demand  will  be  placed  upon 
other  human  functions,  and  in  these  respects  the  need  for  improved  man- 
computer  interaction  will  increase,  not  diminish. 


4.  Relative  Roles  of  Man  and  Computer,  and  Man-Computor  Communication. 

In  analyzing  the  relationship  between  human  operator  and  conputor  in 
teleoperation,  it  is  useful  to  consider  how  human  behavioral  components, 
through  two  basic  foirms  of  communication  are  used  in  four  human  sxipervisorv 
roles.  Figure  2  suimnarizes  the  situation  by  arrows  indicating  causality 
between  descriptors. 

Commanding  the  computor  is  done  by  either  typing  strings  of  symbols 
or  pushing  dedicated  buttons  or  switches  ( symbolic  commands)  or  moving  a 
joystick  or  replica  controller,  where  there  is  a  geometric  isomorphism  be¬ 
tween  control  movement  and  its  meaning  (analogic  conronds).  Observing  can 
also  be  of  symbolic  displays  (alphanumerics)  or  analogic  displays  (pictures 
or  geometric  diagrams).  Imagining ( internal  mental  visualization)  may  also 
be  symbolic  or  analogic. 
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Supervisory  cotmnands  may  be  for  purposes  of  planr^.^  information, 
such  as^^referencing  computer  memory  or  testing  a  potential  future 
on  a  model;  they  may  be  for  ordering  teleoperator  actiwi;  they  may  be 
for  raalcing  computer  adjustments  while  monitoring  teleoperator  action;  or 
they  mS  ^  for  Intervening  in  feleoperator  action  to  assume  dir^t  manual 
control.  Observation  of  displays  is  indicated  in  both  the  planning  and 
the  monitoring  role  of  the  operator. 

AS  shown  in  the  fourth  row,  the  teleoperator  may  be  o^ered  to  act 
in  two  different  ways.  One  is  where  the  man  shares  control  with  the  com 
outer  i  e  the  two  work  on  the  same  task  at  the  same  time*  The  other  is 
Ln  trade,  control  on  all  or  sone  of  the  taaka,  l.e.  for  those 
SIL  he  elves  over  ooe^uS  control  to  the 

that  the  computer  trades  control  back  to  the  man.  When  control  has  ^n 
traded  to  S  computer,  part  of  the  act  of  monitoring  is  to  obs^e  (analogic 
and  symbolic)  displays  of  its  performance,  as  shown  by  the  upward  arrows. 

The  computer's  alternative  operating  roles  when  sharing  control  with 
the  hLan  Orator  are  relieve,  i.e.  do  things  which  make  his  work  easie^ 
and  extend,  i.e.  pushing  his  performance  beyond  where  it  would  norm  1^  be. 
SSen^5?;i  is  t«ded  to  it  the  computer  may  back^  Sr"*^^ 

ready  to  take  over  in  case  he  fails,  or  it  may  replace  him  altogether. 

While  this  taxonomy  of  relationships  at  the  present  has  no  correspond¬ 
ing  quantitative  theory,  it  has  been  useful  to  the  authors  in  thinking 
about  what  is  desirable  for  man-computer  control  of  teleoperators. 
ticular  it  has  helped  us  think  through  the  various  forms  ^ 
which  might  be  programmed  into  an  experimental  system.  And  it  tes  clarified 
for  us  tL  potential  of  using  a  combination  of  general  pu^ose  typewriter 
and  dedicated  on  special-purpose  keyboard  commands  (symbolic) and  force- 
reflecting  master-slave  and  rate  commands  (analogic). 


5,  SUPERMAN;  A  System  for  Supervisory  Manipulation 

A  brief  description  of  a  thesis  by  T.L.  Brooks  in  progress  at  the  Man- 
Machine  Systems  Lab  at  MIT  is  given  on  the  following  P®P®® 
of  a  supervisory  manipulator  system.  This  system  is  called  SUP^N. 
ure  3  shows  the  general  relationships  between  the  multiple  inputs  (ke^rd, 
dedicated  symbolic  keys,  and  analog  inputs),  the  comp^r  s^^es  (OT^BY, 
DEFINE,  EDIT,  EXECUTE,  AND  TAKEOVER)  and  the  control  modes  (RATE,  MIXED 
MASTER/SLAVE  AND  RATE,  MASTER/SLAVE,  and  COMPUTER  control). 

STANDBY  State  -  When  the  conputer  is  in  this  state,  control  resides 
with  the  main  program  and  the  operator.  By  pressing  the  p^er  button  on 
the  control  console,  the  user  can  enter  a  particular  manual  control  mode 
or  another  computer  state  (see  Figure  4). 

Manual  Control  Mode  -  A  manual  control  mode  is  the  method  through 
which  the  user  analogically  interacts  with  the  arms  .A  conteol  m^e  is 
independent  of  the  state.  For  example,  the  control  mode  might  be  MASTER/ 
SLAVE  while  the  state  is  EDIT.  There  are  three  kinds  of  modes: 
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Figure  4.  Special  Control  Console  for  SUPERMAN  Syst 


a)  RATS  -  The  individual  deqrees  of  freedom  are  controlled 
through  rate  commands  by  switches  on  the  control  console  and  a  poten¬ 
tiometer  for  rate  adjustment*  Both  rate  and  resolved-motion  rate  are 
available. 

b)  MIXED  MASTER/SLAVS  AND  RATE  -  The  master  acts  as  a  spring- 
loaded  joystick  in  the  X.  Y  and  Z  axes,  giving  rate  conmands  to  the  X, 

Y  and  Z  axes  of  the  slave  proportional  to  displacement  of  the  master. 

(The  rate  of  the  slave  arm  is  then  reflected  in  the  force  feedback 
level  which  the  operator  feels  in  the  master.)  Both  rate  and  resolved 
motion  rate  control  are  available.  The  remaining  degrees  of  freedom, 
the  left  and  right  elevation,  the  azimuth  and  the  end-effector  are  con¬ 
trolled  in  a  master /slave  mode. 

c)  MASTER/SLAVE  -  The  slave  arm  is  driven  to  duplicate  in  position 
the  action  of  the  master.  Any  force  felt  by  the  slave  is  reflected  to 
the  master  giving  the  operator  force  feedback  (i.e.  proportional  to 
position  disparity  bet’^een  master  and  slave). 

DEFINE  -  DEFINE  is  the  primary  state  through  which  the  operator  enters 
a  string  of  conmands  to  be  executed.  Commands  are  entered  by  pressing 
specially  dedicated  buttons  for  each  function.  Ail  of  the  buttons  used  in 
the  DEFINE  state  have  dual  functions  (see  Figure  4  -  dual  function  buttons 
are  0-15). 


EXECUTE  State  -  As  the  title  implies,  the  string  of  commands  is  exe¬ 
cuted  through  this  state.  Dtiring  the  execution  of  the  command  register, 
if  the  operator  desires  to  take  control,  there  are  two  methods  available. 
The  operator  can  take  immediate  control:  (1)  by  pulling  on  the  appropriate 
control  stick  (i.e.  the  MASTER  in  the  case  of  MASTER/SLA VK  or  MIXED 
MASTER/SLAVE  AND  RATE  modes  or  the  rate  switches  in  the  RATE  mode),  or 
(2)  by  pressing  the  STOP  button  (all  action  ceases  after  the  STOP  button 
has  been  pressed  \intii  the  operator  signals  for  continuation  or  return 
to  STANDBY).  The  operator  can  execute  a  string  of  commands  which  have 
been  saved  as  a  task  file  by  pressing  one  of  the  lighted  TASK  FILE  buttons. 
The  operator  also  has  the  option  of  executing  the  current  command  register 
by  pressing  the  EXECUTE  button.  This  allows  the  operator  to  define  a 
string  of  commands  and  immediately  execute  them  to  determine  if  any  modi¬ 
fications  are  necessary.  After  the  operator  is  sure  the  command  string 
performs  the  desired  function  correctly,  that  fiinction  can  then  be  saved 
as  a  task  file  or  a  named  file. 

TAKEOVER  State  -  TAKEOVER  is  a  transition  state  between  control  modes, 
i.e.  from  computer  control  to  the  control  mode  in  effect  before  the  EXECUTE 
command.  Special  problems  result  dtiring  this  state  due  to  the  mismatch 
between  the  master  and  the  slave  at  the  time  of  the  takeover.  The  diamond 
in  Figure  3  signifies  that  after  the  mismatch  has  been  dissolved,  the  op¬ 
erator  has  the  option  of  moving  into  the  STANDBY  state  or  continuina  the 
EXECUTION  state. 

The  detailed  meanings  of  the  DEFINE  buttons  C  15  are  given  below: 


Command 


END 

Final  command  used  to  signal  completion  of  DEFINE  state. 
SAVE 

Used  to  save  the  command  register  on  the  disk  as  either 
a  task  file  or  a  named  file.  A  task  file  can  be  recalled 
only  by  one  of  eight  buttons  in  the  STANDBY  state,  whereas 
a  named  file  is  saved  under  a  user-designated  title  and 
can  only  be  recalled  by  the  same  name  through  the  GET  but¬ 
ton  (6)  in  the  DEFINE  state. 

EDIT 

The  EDIT  command  allows  the  user  to  modify  the  command 
register.  The  following  options  are  available  through  the 
keyboard  after  entering  the  EDIT  state: 

a)  CHANGE  A  LINE 

b)  INSERT  A  LINE 

c)  DUPLICATE  A  LINE 

d)  DELETE  A  LINE 

e)  LIST  COMMAND  REGISTER 

f)  RETURN  TO  DEFINE 


2ND 

Used  to  enter  the  second  function  of  dual  command  keys. 

The  first  function  of  each  key  is  printed  in  black  letters 
above  the  button.  The  second  function  is  written  below 
the  button  in  gold  lette-s.  To  enter  a  second  function 
command,  press  the  2ND  key  and  then  the  desired  second  com¬ 
mand. 

ERASE  LAST  LINE  [ERASE] 

Used  to  erase  the  last  entry  in  the  command  register. 

GET 

Used  to  retrieve  a  named  command  file  from  the  disk. 

GET  asks  for  the  name  of  the  conmand  file  to  be  recalled 
and  then  locates  the  file,  reads  it  into  the  conmand  register 
(and  returns  to  DEFINE  state). 

RESET 

Used  to  initialize  the  necessary  internal  variables  and  the 
command  register  to  zero. 


THROUGH  PATH  [TPATH] 

Records  the  present  position  of  the  arm  for  use  in  EXECUTE 
as  a  through  point.  (A  through  point  is  a  position  v/hich 
the  operator  desires  the  arm  to  move  through  without  stop¬ 
ping,  i.e.  non-zero  velocity  point.) 

INCREMENT  (DOF)  (XXXX) 

Makes  an  incremental  motion  in  the  desired  degree  of 
freedom  by  a  selected  value.  The  user  enters  the  INCREMENT 
command,  then  the  degree  of  freedom  (DOF),  adjusts  the 
desired  increment  (XXXX)  through  the  potentiometer  and 
presses  the  READ  POT  VALUE  button  directly  beneath  the 
potentiometer, 

IF  (DOF)  FORCE. GT. 

EXECUTE  NEXT  COMMAND 

If  the  force  level  in  the  desired  degree  of  freedom 
(DOF)  is  greater  than  the  level  set  by  the  operator  (XXXX) 
the  following  command  is  executed.  If  the  force  level  is 
less  than  the  level  set  by  the  operator,  the  coimiand  immedi¬ 
ately  following  the  IF  FORCE. GT.  statement  is  skipped  during 
execution.  The  user  enters  the  IF  FORCE. GT.  command,  then 
the  desired  degree  of  freedom,  adjusts  the  force  level  through 
the  potentiometer. 

GRASP  WITH  FORCE  (XXXX)  [GRASP] 

The  user  enters  the  GRASP  command  and  adjusts  the  force 
level  through  the  potentiometer. 

DISCRETE  PATH  [DPATH] 

Records  the  present  position  of  the  arm  for  use  in 
EXECUTE  as  a  stopping  point.  During  execution,  the 
slave  arm  is  moved  from  its  current  position  to 
the  recorded  position  with  zero  final  velocity. 

LABEL  (XXXX) 

Labels  a  position  in  the  command  register  which  can  be 
returned  to  through  a  GOTO  command.  The  user  presses  the 
LABEL  button  and  then  the  number  (XXXX)  of  the  desired 
label . 

GOTO  (XXXX) 

GOTO  is  a  conditional  command  which  moves  to  label  (XXXX), 
unless  the  operator  signals  during  execution  to  change  the 
branch  to  (YYYY)  by  pressing  a  different  button.  To  enter 
the  comjiiand  the  operator  presses  the  GOTO  button  and  then 
the  number  (XXXX)  nf  the  label  to  which  GOTO  should  branch. 
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OPEN 

Open  jaws. 

15  CONTINUOUS  PATH  [CPATHJ 

Records  the  position  of  the  master  manipulator  every  0.1 
second  for  use  in  EXECUTE.  A  continuous  path  is  achieved 
by  interpolating  between  the  recorded  positions. 

2ND  -  0  ABSOLUTE 

Informs  the  execution  compiler  that  the  command  register 
is  to  be  executed  exactly  as  recorded  (see  RELATIVE).  The 
user  enters  the  absolute  command  by  pressing  the  2ND 
button  (#4)  and  then  the  ABSOLUTE  button  (=*0). 

2ND  -  1  RELATIVE 

Informs  the  execution  compiler  that  the  positions  in  the 
command  register  are  to  keep  the  same  relative  displacement 
with  respect  to  each  other,  but  are  to  be  transformed  so 
that  the  first  position  following  the  RELATIVE  coimiand 
corresponds  to  the  position  of  the  slave  at  the  time  of 
execution.  A  RELATIVE  command  can  be  cancelled  by  an 
ABSOLUTE  command,  with  the  result  that  only  the  positions 
between  the  RELATIVE  and  ABSOLUTE  conmands'are  transformed. 
The  user  presses  the  2ND  button  (#4)  and  then  the  RELATIVE 
button  (#1)  to  enter  the  command  in  the  register. 

2ND  -  2 
through 

2ND  -  15  not  assigned. 


^  an  example  program  consider  a  string  of  commands  to  take  a  nut  off 
of  a  bolt  and  put  it  in  a  box.  This  program  can  be  broken  down  into  two 
mjor  sections,  one  removes  the  nut  and  the  other  places  it  in  the  box. 

ince  the  user  would  prefer  one  nut  removal  program  to  be  used  for  all  nuts 
regardless  of  the  orientation  of  the  nut,  a  RELATIVE  command  should  obviously 
be  the  first  command  in  the  register  (the  RELATIVE  command  and  all  of  the 
following  commands  are  briefly  described  under  DEFINE).  Tne  entire  command 
register  for  the  nut  removal  program  would  be  as  follows.  The  following 
general  formats  will  be  followed  throughout  this  example; 


[BUTTON  PUSH] 

(POT  READINGS) 
"KEYBOARD  COMMANDS" 
COMPUTER  REPLIES. 


355 


1  [RELATIVE] 

2  [LABEL]  [1] 

3  [ DEATH ]  Place  the  slave  on  a  nut  and  record 

that  position  by  pressing  the  DPATH 
button. 

4  [GRASP]  (200) 

5  [DEATH]  Turn  the  end  effector  180®  and  record 

the  position. 

6  [INCREMENT]  [Y](300)  Increment  the  slave  by  300  counts  in  the 

direction  that  would  pull  the  nut  off. 

7.  [IF  FORCE. GT- ] [V ]  (100)  If  the  force  is  greater  than  100  in  the 

Y  direction^  the  nut  is  still  on  the 
bolt,  therefore  execute  the  next 
command . 

8  [GOTO]  [2] 

9  [GOTO]  [3]  I^  the  force  had  been  less  than  100  in 

the  Y  direction,  the  nut  is  free  and 
this  command  would  be  executed. 

10  [LABEL]  [2] 

11  [INCREMENT]  [Y]  (-300)  Return  the  arm  to  position  before 

incrementing  in  //6. 

12  [OPEN]  Release  the  nut. 

13  [GOTO]  [1]  Return  to  LABEL  1  and  continue  turning 

the  nut. 

14  [LABEL]  [3]  End  of  the  first  part  of  task  -  nut 

is  off. 

[SAVE]  '*NUT-0FF'*  Save  command  register  as  the  named 

file  ’^NUT-OFF"  (typed  in  at  the  keyboard) . 

The  second  part  of  the  task  requires  the  manipulator  to  place  the  nut 
in  a  box.  The  entire  command  register  for  the  program  to  put  the  nut  in  the 
box  would  be  as  follows: 


1-  [ABSOLUTE] 

■  ■  f 

2  [TPATH] 

3  [DPATH] 

^  [OPEN] 

5  [TPATH] 

[SAVE]  "NIT-IN-BOX” 


The  box  would  always  be  in  the  same 
place. 


,  * — just  ovei 

and  above  the  outside  edge  of  the  box 
and  record  this  position  by  pressing 
the  TPATH  button. 


Move  the  slave  to  a  position  over  the 
center  of  the  box  and  record  the 
position. 


c.nter  same  position  as  in  #2  bv 
duplicating  line  2. 


A:  this  point  the  operator  could 
The  NUT-OFF  program  would  simply  take  tjf  aS^f f 

operator  as  soon  as  the  nut  was  free.  But  tL  „  ^  control  to  the 

(i.e..  a  na-’ed  file)  requires  chat  thf»  «  ►  present  status  of  each  file 

obtain  the  file  to  execute  it  I-  th^  ®ach  name  to 

commands  the  file  wUl  be  sa^d  a^  a 

the  touch  of  a  button:  ®  which  is  immediately  executed  at 

[GET]  "NUT-OFF" 


[GET]  "NLT-IN-BOX" 


The  computer  will  reply  by 
Then  enter: 


stringing  the  two  files  together  as  one  file 


[SAVE]  "TASK-FILE" 

TeLllTnTalTlZ  it'll  tie'bortirLe^'t'''"-^"-"”  ^o 

button,  the  execution  compiler  trLsfor^s^the°fir^t*^h^lf 

relative  to  the  position  of  the  slave  ar  rho  register 

and  then  executes  the  progra:^.^  Aftir  tL'IJut 

box  the  slave  returns  to  the  operator's  nn  removed  and  placed  in  the 

control.  operator  s  position  and  the  computer  relinquishes 
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Abstract 


A  "predictor"  display  superimposed  on  slow-scan  video  or  sonar  data  is 
proposed  as  a  method  to  allow  better  remote  manual  control  of  an  untethered 
Lbraersible.  Simulation  experiments  show  good  controc  under  circumstances 
which  otherwise  make  control  practically  impossible. 


1.  Introduction 


Untethered,  unmanned  submerslbles  have  been  limited  to  automatic  control 
on  simple  pre-programmed  or  target-seeking  trajectories.  More  precise  navi¬ 
gation  and  obstacle  avoidance  will  require  increasingly  sophnicated  auto- 
Ltic  control  and/or  direct  control  from  the  surface.  Direct  human  cont.ol 
through  a  sonic  communication  channel  will  be  difficult  because  of  the  low 
bandwidth  and  the  signal  travel  time.  Probably  the  most  f 
will  be  a  combination  of  elementary  automatic  control  such  as  is  Possible 
with  some  present-dav  tethered  submersibles  (e.g.,  altitude  or  depth  end 
heading  LLrol)  plus  display  aids  which  make  control  easier  for  the  operator. 
This  paper  proposes  a  display  aid  which  is  particular  y  app  ica 
problems  of  tir.e-deluy  and  slow  Prame-rate , 


2.  The  Problem 


For  remote  control,  there  are  two  sources  of  difficulty  with  sonar  ^ 
communications:  time-delay  and  slow-frame-rate.  Round  trip  time-delay  is 

the  time  for  a  command  to  travel  to  the  vehicle  and  the  first  indicau.on 
response  to  travel  back.  At  a  minimum  this  will  be  two  times  the  distance 
divided  by  the  speed  of  propagation,  2T.  For  example,  i  =  1  second 

at  about  5,000  feet. 


Pictorial  information  from  television  camera  or  obstacle  avoidance  sonar 
will  be  further  delayed  because  of  limited  cnannel  capacity. _  Assuming  a 
low  resolution  picture  of  80  K  bits  and  a  channel  capacity  or  lOK  bits/sec., 
there  would  be  at  most,  one  picture  every  3  seconds  (S  -  8  seconds). 


The  effects  of  trying  to  navigate  with  just  this  pictorial  information 
are  illustrated  in  Figure  1. _ _ _ _ _ 

*  This  work  was  supported  in  part  by  ONR  Contract  N00014-7  / ^  ihe 
untethered  vehicle  control  problem  was  suggested  in  discussions  with  the 
Harbor  Branch  Foundation  and  the  M.i.T.  Ottice  or  bea  (,rant. 

...  v-- 


travel  SOtM. 


Figure  la.  Effect  of  delays  from  transport  time  (T)  and  scan  time  (.‘5). 

The  picture  from  Q  is  received  T  +  S  seconds  after  it  is  taken;  the 
first  operator  response  is  received  by  the  vehicle  at  least  T  seconds  later 
for  a  total  delay  of  2T  +  S  seconds.  While  the  operator  is  looking  at  the 
still  picture  from  Q  the  commands  he  is  sending  are  actiiallv  moving  the 
vehicle  from  1'  to  2',  as  Illustrated  in  Figure  lb. 


field  ^  vteuT 
jvom.  0  — 


fol  ntotion. 

.  watcKiMj  f  iciurc 
jicld  oj^vieu)  0^  -picture— ^  ^  / 


,  p\gB 


Figure  lb.  Positions  of  vehicle  at  times  in  Figure  Ic 


\ 
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3.  Predictor  Display 


CRlGmAL 

OF  POijr^ 


Predictor  displays  were  first  used  for  submarine  control  (Kelley,  1968). 

N.ASA  considered  predictor  displays  for  remote  control  of  unmanned  lunar 
roving  vehicles  (Arnold.  1963)  but  sent  men  instead. 

The  predictor  display  proposed  here  presents  a  symbol  superimposed  on 
the  slow-frame-rate  and  time-delayed  picture  from  the  vehicle's  television 
camera.  The  symbol  responds  instantansously  and  continuouslv  to  the  operator's 
com^nds  predicting  "future"  positions  of  the  vehicle.  For  Example,  refering 
to  Figure  lb,  when  Q  is  complete  the  predictor  symbol  would  show  the 
position  1  .  Before  the  next  picture  from  Q  arrives,  the  symbol  will  be 
moved,  in  response  to  the  operator’s  commands,  to  position  2*. 

The  position  of  the  vehicle  is  computed  from  a  local  model  of  the  vehi¬ 
cle  response  and  the  operator’s  commands  u(t),  as  shown  in  Figure  2. 


Figure  2.  Predictor  display  superimposed  on  pict'rial  data 
Pictorial  or  Map  Displays  ♦ 


The  predictor  symbol  may  prove  useful  both  on  pictorial  displays 
(superimposed  on  television  or  obstacle-avoidance  sonar)  and  on  nap-like 
position  displays.  Map  displays  would  avoid  one  difficult'/  of  pictorial 
displays,  which  is  loosing  the  predictor  symbol  when  it  moves  out  of  the 
field  of  view  of  the  camera  (for  example,  moving  sideways  or  backward). 
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Auxiliary  Position  Data 


If  position  data  is  available  from  transponders  or  locator  beacons,  it 
could  be  used  to  update  the  vehicle  model.  '•'fith  just  the  pictorial  data, 
the  open-loop  prediction  would  have  to  span  an  interval  of  (at  least)  2T  +  S 
to  (  at  most)  2T  +  2S  seconds.  With  auxiliary  feedback  the  open-loop 
estimate  will  only  need  to  span  the  delay  of  that  auxiliary  data  (at  minimum 
2T) .  The  signals  and  corresponding  delays  are  shown  in  Figure  3.  (u(-)» 

command  vector;  x(*),  vehicle  location  data). 


6C(UV  -trAvel 


Figure  3.  Delays  associated  with  predictor  calculation 
Adaptive Estimation 


Another  feature  that  could  be  built  into  the  local  model  of  the  vehicle 
is  some  estimate  of  the  disturbances  (such  as  current).  The  current  model 
as  well  as  the  vehicle  model  could  be  updated  on  the  basis  of  the  mismatch 
between  predicted  and  measured  vehicle  position. 

4.  A  Demonstration  Experiment 


In  order  to  explore  the  effects  of  the  predictor  display,  an  interactive 
simulation  was  written  on  an  Interdata  70  computer  and  Imlac  graphic  display. 

A  random  terrain  was  generated  and  displayed  in  perspective,  updated  every 
8  seconds,  to  simulate  the  pictorial  informa  ion.  A  moving  predictor  symbol 
was  generated  respresenting  the  vehicle  as  a  square  in  perspective.  Two  straight 
ridges  were  added  to  the  random  terrain  to  serve  as  a  test  course.  (Figure  4). 
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OWGINal  PAtiK 

K)0K  QUAIJTV 


Figure  4. 


Computer-generaced  terrain  with  predictor  symbol 


The  simulated  vehicle  was  controlled  by  the  ooenrnr  T^*^h  ^ 

centered  2-degree-of-freedcnn  joystick.  The'^dyLjrr'sp^  of  , 

posi?j;S  T"'  proportional  to  forward-bacf 

position  ot  the  sticK  and  turn-rate  pronortlonal  to  lef t-r-f 

of  Che  sclot.  The  vehicle  „.s  elwey^  che  se.rielgh;  I™ 

v:;ri‘^UtS"^Le  >■»  <ll»t«ch,ecee  such  as  cicre^^ 

dcecci  ^  u  important  to  have  a  good  detent  and 

dead-zone  on  the  sitck  to  avoid  inadvertent  coinmands. 

A  stationary  "table"  was  drawn  to  indicate  where  the  next  Dlco.-,.ro 
was  to  come  from  while  the  "real-time"  predictor  continued  to  mouA 
response  to  the  operator's  commands  (Figure  5)  rvirroH  i- 
to  this  table  to  indicate  the  field  o^^  ihif ^edled  rH 

confusion  about  hov  the  picture  was  expected  to^cLnof  ^  considerable 
for  keeping  the  vihicle  wltbin  its  own  field  of  viewf  wh^h^is'^the^Lst^"^'^^ 
s  rategy  ^or  using  chis  kind  of  predictor  on  the  pictorial  display. 


Figure 


Predictor  plus  ^  ..m 

xi.ft  1.1. urn  i^nere  next  picture  will  come 
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Results 


A  typical  path,  without  the  predictor,  is  shown  in  Figure  6.  The  dotted 
lines  represent  +I terrain-unit  from  the  ridge.  The  circles  represent  the 
vehicle’s  position  every  2  seconds.  V’s  represent  the  field  of  view  of  each 
picture  sent.  Quite  often  there  is  nj  movement  between  successive  dots  (2 
secs.)  or  successive  pictures  (  8  seconds.) 


Figure  6.  Typical  path  with  Figure  7.  Success  at  slow  speed 

no  predictor  with  no  predictor 

Only  with  extremely  slow  speed  was  it  possible  to  keep  track  of  the 
ridge.  Approximately  five  minutes  and  40  pictures  were  required  to  traverse 
just  one  of  the  ridges  (half  the  course).  This  is  shoim  in  Figure  7. 

With  the  predictor  symbol,  practically  continuous  motion  was  possible. 

A  t^/pical  path  is  shown  in  Figure  8.  The  course  was  completed  in  3  minutes 
and  23  pictures. 


In  the  periodic  mode  (Figure  9a)  a  short  move  starting  with  the  receipt 
of  picture  g)  will  not  be  reflected  in  the  next  picture, 0  ,  as  the  opera¬ 
tor  might  expect;  instead  he  has  to  wait  for  In  request  mode 

(Figure  9b),  the  wait  for  pictorial  confirmation  is  minimized. 

/ 


» <» 


Figure  10.  Typical  path  in  the  request  mode 
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A  typical  path  in  request  mode  (using  the  predictor)  is  shown  in 
Figure  10.  Compared  to  periodic  mode^  the  time  is  about  the  same  but  the 
number  of  pictures  used  in  one-half  to  one-third;  velocities  are  higher  but 
there  is  a  wait  for  10  seconds  as  each  picture  is  taken  and  sent. 

On  an  actual  vehicle,  probably  both  modes  should  be  available  with  the 
request  mode  used  when  move-and-wait  strategy  is  appropriate  (for  precise 
positioning  based  on  pictorial  feed-back,  and  when  environmental  disturbances 
at?,  small).  Periodic  mode  is  probably  more  appropriate  for  less  precise 
navigation  and  continuous  motion  when  the  predictor  symbol  can  be  relied 
upon . 


Another  trade-off  that  should  probably  be  built  into  the  pictorial  feed¬ 
back  is  variable  frame-rate/resolution.  In  a  more  dynamic  and  uncertain 
environment  (i.e.,  larger  bandwidth  disturbances  or  target  motion)  sampling 
rate  will  want  to  be  higher  at  the  expense  of  resolution. 

6.  Conclusions  and  Recommendations 

For  the  conditions  studied  (T  =  1  sec.,  S  =  3  sec.)  manual  control  is 
not  feasible  without  display  aids  such  as  the  predictor  symbol.  The  request 
mode  is  preferred  as  it  seems  to  avoid  confusion  and  reduce  the  number  of 
pictures  necessary. 

The  present  results  are  at  best  preliminary.  We  studied  only  very 
simple  vehicle  dynamics  and  only  one  set  of  delay  conditions.  Further  study 
with  laboratory  simulation  can  investigate: 

1)  more  realistic  vehicle  dynamics, 

2)  environmental  uncertainties  such  as  drift, 

3)  a  broader  range  of  delay  conditions  and 
A)  various  degrees  of  partial  automation. 

Also,  the  predictor  displays  (both  pictorial  and  map)  could  be  used 
on  existing  tethered  vehicles  to  simulate  untethered  operation  and  evaluate 
the  potential  for  untethered  operation. 
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StmRY 


x-.  xi  uudy  was  conducted  to  eicslore  the 
flight  reference  cysten  for  thos^ 

oo.,c.pt=  and  a  sartor  Sp«S:.°^  S'a-tSf:  . 

A  .'.s'stp  was^ultimtely  configured  •..&ich  :dSiedteaJoSSl  Pro^nse. 

ca-et°— information  content,  and  the  ability  to‘re*^^^ate^^ 
safety  nargxns  at  some  eicpense  of  the  aliewabi-  lev  snead  -■•(n-=Th+  -, 

It  necessary,  however,  to  utilise  an 

eSiS.e:  to'^b^  ~ 

safety  nargin^d'pitch^nitudh  ocnoin^ions  of  the  computed  critical 

definable  !n  termsT^hrSortm^nS^^^^^^^^^  combinations  were 
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V  . 
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a 
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'^masc 
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7 

Aerodynamic  flight  path  angle 
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Pitch  attitude 

This  study  7/u3  performed  under  C 
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lUntODUCTIOri 


Tl'i2  ■Dilot*3  control  technique  for  a  powered- lift  aircrait  in  the  approach 
flight  nhace  i3  inherently  different  from  that  for  a  conventional  aircrait. 
The%ilot  (or  autopilot)  of  the  powered- lift  aircraft  cannot  oinrply  use  1.5 
tines  the  cower- off  stalling  speed  (for  the  approach  configuration)  as  the 
target  airspeed  or  "flight  reference"  and  he  guaranteed  adeq.uate  safety 
margins.  Since  a  pov;ered-lift  aircraft  derives  a  significant  part  of  its 
lift  from  a  thrust*  vector  which  is  inclined  nearly  perpendicifLar  to  the  flight 
path,  Che  nininun  speed  is  ietemined  to  a  large  extent  by  the  thiust  or 
power  setting.  T:iis  is  in  dramatic  contrast  to  the  characteristics  of  a  con¬ 
ventional  aircraft  as  shovni  in  Fig.  1 .  note  that  the  approacn  speed  xor  a 
■Dcwerei-lift  aircraft  may  be  in  the  neighborhood  of  the  idJe  t'^T^ust  stalling 
speed  (rcint  A  in  Fig.  1  ). 


In  adHticn  to  the  problem  of  selecting  a  suitable  speed  (or  other 
parameter)  to  use  as  a  flight  referer4.ce  which  '.d.11  ensure  adesiiate  safety 
mai’gir-s,  the  pilot  may  have  to  cope  vrith  some  other  unusual  flight  character¬ 
istics."  For  example,  most  powered- lift  aircraft  approach  at  speeds  on  the 
”cacl-sside"  of  the  tbrust  required  cui^.’^e.  Consequently,  a  ’‘bacruside"  or  "STOL 
control  teG;mLc3.u.e  is  usually  used,  i.e.,  the  pilot  xxses  pitcn  attitude  to 
re-mlate  ai ”’*sneed  and  modulates  thrust  to  control  ilj,,;vnu  patn.  A  typical 
flisht  characteristic  resulting  from  this  mode  of  control  and  from  the  thrust 
vector  beinm  inclined  nearly  perpendicular  to  the  flight  path  is  shov/n  in 
Fig.  2.  That  is,  if  the  pilot  is  using  airspeed  as  a  flight  reference  (i.e., 
maintaining  a  constant  airspeed),  it  can  be  seen  that  to  steepen  the  descent 
rash  an.^le  the  rilct  srust  increase  pitch  attitude*  TliLs  Is  ccntra-dictcry  to 
all  normal  practice  and  can  make  airspeed  a  ver^-  confusing  flight  reference. 


Because  of  these  problems:,  the  pilots  of  airplanes  such  as  the  ILASA* 
Augmentor  .v’in;^  Jet  ITOL  Research  Aircraft  (AV;J3RA)  must  use  a  combination  of 
airspeed,  anrle  of  attack,  and  pitch  attitude  as  a  flight  reference.  Only 
thrcum'^**  extensive  exserience  are  these  pilots  aole  consistenc»iy  to  maintain 
adecuate  safety  msirgins.  Vjlile  this  use  of  a  complex  flight  reference  has 
been  acceptable  in  the  research  environment,  it  would  not  be  acceptable 
operationally . 


0BJ2CIIV3 


Tice  objective  of  the  program,  therefore,  v;as  to  find  a  single  display 
to  be  used  for  maintaining  a  safe  flight  condition  in  powered- lift  aircraft. 
Several  sTeat'Lires  needed  to  be  considered,  however,  which  significantly  compli¬ 
cated  the  design  of  such  a  system. 


Tliese  are  shov/n  In  ritr.  5* 


an 


-Q suuav  c/as  nrimanly  a  leas ibint^y  otc..d2?’  <j.nd  limited  to 
'f-xis  and  simulation  please.  Tl:e  results  to  be  presented  were  obtained 
e  content  of  (i';  an  existing  powered- 3J.ft  3T0L  airulane  (IIA3A  AWJnRA)^ 
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AIRSPEED,  V  M 


Figure  1  .  Ccrraricon  of  7  -  7  riots  Between  a  Con-'rentional 
a  rOwered-Lift  Aircraft. 


!?•;  r-iiTP  'i,.  Tradeoff'  ImmTvpd  in 


the  yG t.e’-t  De ? n 


'7 


(ii)  existing  avionics  hardware  (STOIAND  guidance,  control,  and  navigation 
systen,  Ref.  l),  and  (iii)  severe  atmospheric  disturbances  encountered  during 
the  landing  approach  flight  phase. 


IBCHNICAL  APPROACH 


An  extensive  study  of  airworthiness  requirements  which  is  described  in 
Refs.  2  and  3,  defined  the  required  safety  margin  criteria  for  powered-lift 
aircraft  in  teims  of  the  instantaneous  angle  of  attack  and  airspeed.  The 
suggested  criteria  from  Ref.  2  are  listed  in  Table  1 .  Figure  ^4*  shows  these 
criteria  superimposed  on  the  AWJSRA  flight  envelope.  Tlie  present  study 
assumed  these  safety  margin  criteria  for  the  purpose  of  defining  the  avail¬ 
able  flight  envelope.  ITote  that  only  two  criteria  dominate,  i.e.,  airspeed 
must  be  greater  than  the  minimum  speed  at  maximum  thrust  plus  20  knots  and 
the  angle  of  attack  must  be  such  that  a  20  knot  vertical  gust  will  not  result 
in  excee±',ng  the  ma:d.mum  allowable  angle  of  attack.  The  resulting  flight 
envelope  is  bounded  in  Fig.  by  the  lines  labeled  "minimum  safe  airspeed." 


Table  ^  .  Oafety  Margin  Criteria. 
(All  Engines  Operating) 


7  >  1.15  ^’^rnin  thrust) 

V  ^  knots  (approach  thrust) 


V  >  1.5  '^inin-ni  thrust) 

V  >  ^irinni  '*■  knots  (maximum  thrust) 

^  ^  -1  20  knots  /  , 

-  <  -  sin  - - -  (vertical  gust  margin) 


Most 

Critical 

Criteria 
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.  ox*  '/urious  Sai’ety  Mai'^in  Criteria. 

V  Corresponding  to  Table  1  for  the  AV/JSRA) 


nuniber  oi  "Doscible  f”^i'"'nt  refei^'^TiPfi  nrtr^  • 

xuii-i^nce  ana  safety  margin 

dSirs's?\r-‘i.,?r  eie 

=i-ston  ana£i-2l5  methods'  and  oon=idJrS'''0)  ea^^of'*cSTOl”(2  )°2S 

xn^  saioty  ^gins,  and  (1.)  system  niechanxxation  as  they  Tel^te  ^l  ^^^l 
oa.d  compuoational  requirements.  Tlie  nurpose  of  the  analv"!"  in'*  h-o'^c!  “4- 
tln-oTXqh  the  larce  number  of  possibiUtie?  to  fJnd  a  SfS^eh^ould  rLtb 
wlule  examining  during  the  simulation  phase.  ^ 


BSSULTS 


irom  the  ^rp  number  of  implementation  concepts  considered  one  wa- 
found  to  meet  design  objectives  satisfactorily.  Although  it  coSiSed^f  a 
single  tlLsplay,  fc/o  variables  were  involved.  One  variable  was  actively 
oracxed  and  onus  ser^^ed  as  a  flight  reference.  The  otlier  variable  was  siirolv 
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monitored  in  order  to  obtain  high  quality  status  information.  This  inrple- 
mentation  can  be  summarised  as: 


[Tracked  Variable]  =  [Actual  Margin]  +  k  •  [Pitch  Attitude] 
[Monitored  Variable]  =  [Actual  Margin] 


where  the  actual  margin  is  taken  as  the  most  critical  of  applicable  airspeed 
and  angle  of  attack  safety  margin  criteria  from  Table  1 .  * 

It  is^  significant  that  the  tracked  variable  was  composed  of  a  simple 
linear  combination  of  actual  margin  and  pitch  attitude.  Tliis  implementation 
permitted  a  direct  tradeoff  between  ideal  status  ini'ormation  and  easy  con¬ 
trollability  depending  upon  the  weigliting  factor,  k.  A  single  value  of  k 
.■mis  lound  to  provide  satisf actor;*  compromises  in  the  various  tradeoffs  sho’m 
pre-.iously  in  Fig.  3». 

Tlie  manner  in  v/hich  ahe  t*.-/c  variables  v;ere  displayed  was  important  to 

system.  Tlie  main  hardv/are  element  of  the  display  vras  the 
TOLalJD  Electronic  Attitude  Director  Indicator  (EADI)  shcim  in  Pis'.  5. 
afety  margin  information  :^as  presented  along  the  vertical  scale  on  the  f-r 
left-hand  side. 


Figure  5.  Overall  EADI  Presentation. 


Thic  value  amounted  to  10;^  safety  margin  change  per  degree  pitch  attitude 
change  where  the  nominal  operating  point  was  at  100^.  allowable  cafety 
margin.  ,  - . 
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Details  of  the  safety  naxsin  system  presentation  described  in  _ 

Fi'.  6.  note  that  the  tracked  variable  is  displayed  directly  on  the  moving 
Doi’iter,  but  that  the  monitored  variable  is  displayed  as  the  distance  between 
the*  moving  pointer  and  a  moving  scale  "floor."  This  coni‘i.g^ation  provided 
good  relati^^  emphasis  on  the  two  variables  and  did  not  confuse  their  respec- 
tiv6  roles  in  the  pilot’s  inind. 


COITCLUSIOJB 


The  studv  reported  in  this  paper  was  successful  in  evolving  a  useful 
safety  niarrin  systeni  and  display  for  a  pov;ered-lift  aircraft.  Hie  fliclit 
reference  irnplenientation  found  most  effective  involved  a  blend  of  tlie  safety 
!Tiar  "in  and  a  linear  function  of  pitch  attitude.  Tins  concept  provided  ^  ^ 

(i)  easilv  contro.lled  variable,  (ii)  correct  sensitivity  to  crusts,  (iui) 
a  .mide  to  correct  control  action  for  obtaining  good  safety  margin ^ performance, 
(iv)  accentable  performance  in  the  presence  of  large  atmospheric  Jisturb^ces, 
and  (v)  the  concept  v/as  relatively  easily  implemented.  The  main  compronu-oe 
resulting  from  the  use  of  tliis  concept  "'/as  a  reduction  in  available  flight 
env'^lope  in  order  to  enliance  certain  controllability  features.  (Tlie  nominal 
ope--tinr  point  was  approximately  5  ^^^ts  faster  than  the  minimum  approach 
speed  permitted  by  applicable  safety  margin  criteria.)  Hue  envelope  compro- 
:"ds.3  was ,  however",  controllable  in  a  rational  and  predictable  way  by  the 
flisht  reference  weighting  coefficient.  Finally,  the  results  oi  ohe  .stud;,’' 
have  provided  the  necessary  groundvxork  for  a  flight  investigation. 
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SUMMARY 


During  mid-air  retrieval  of  parachute  packages,  the  absence  of  a  natural 
horizon  creates  serious  difficulties  for  the  pilot  of  the  recovery  helicop¬ 
ter.  A  head-up  display  (HUD)  was  tested  in  an  attempt  to  solve  this  problem. 
Both  a  roll-stabilized  HUD  and  a  no-roll  (pitch  only)  HUD  were  tested. 

The  results  show  that  fewer  missed  passes  occured  with  the  roll-stabi¬ 
lized  HUD  when  the  horizon  was  obscured.  The  pilots  also  reported  that  the 
workload  was  greatly  reduced.  Roll-stabilization  was  required  to  prevent 
vertigo  when  flying  in  the  absence  of  a  natural  horizon.  Any  HUD  intended 
for  mid-air  retrieval  should  display  pitch,  roll,  sideslip,  airspeed,  and 
vertical  velocity. 


INTRODUCTION 


One  of  the  most  successful  ways  to  recover  drones  is  the  mid-air  re¬ 
trieval  system  (MARS).  During  these  recoveries,  a  parachute  system  is  de¬ 
ployed  from  a  descending  drone  prior  to  retrieval.  A  typical  parachute  sys¬ 
tem  consists  of  an  engagement  parachute  connected  by  a  load  line  to  the  drone 
and  a  main  parachute  canopy  supporting  the  drone.  The  main  canopy  is  de¬ 
signed  to  release  when  the  load  line  from  the  drone  to  the  engagement  para¬ 
chute  is  under  tension.  The  load  line  is  routed  up  the  main  canopy  risers 
to  a  break-tie  at  its  apex,  then  up  to  the  engagement  parachute. 


To  rsccivor  the  dr-cno 
approach  the  engagement  p 


or  ether  object,  the  pilot  flies  the  iidicupLei  to 
arachute  from  the  side  opposite  the  load  line. 
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This  location  is  shown  by  an  aiming  panel  on  the  main  canopy.  The  helicopter 
has  three  hooks  rigged  below  it  which  catch  load  carrying  members  in  the  en¬ 
gagement  parachute.  These  hooks  are  connected  to  an  energy  absorbing  winch 
aboard  the  helicopter.  As  the  load  line  absorbs  the  tension  after  engage¬ 
ment,  the  apex  tie  releases,  followed  by  main  canopy  separation,  and  the 
drone  is  carried  by  the  load  line  supported  from  the  helicopter.  Figure  1 
shows  the  helicopter  and  parachute  system  just  prior  to  engagement. 

Safe  and  consistent  MARS  operations  depend  cn  the  pilot *s  ability  to 
match  the  helicopter's  vertical  velocity  with  the  parachute's  while  closing 
with  the  top  of  the  engagement  parachute.  At  the  same  time,  the  helicopter 
must  approach  from  a  specific  direction  to  ensure  that  the  load  line  will  not 
be  pulled  through  the  main  canopy. 

The  pilot's  primary  visual  cue  is  the  alignment  of  the  helicopter,  the 
Lop  of  the  engagement  parachute,  and  the  horizon.  If  the  horizon  is  obscurea 
by  smoke,  haze,  or  clouds,  or  if  false  horizons  are  present,  the  pilot  has 
extreme  difficulty  in  judging  his  position  relative  to  the  target.  Under 
these  circumstances,  attempted  recovery  can  be  dangerous  and  fruitless. 

Variations  in  the  size  of  the  parachute  canopies  can  produce  illusions 
of  being  too  high  or  too  low  relative  co  the  engagement  parachute.  The  pilot 
must  allow  the  canopy  top  to  pass  beneath  the  fuselage  as  the  helicopter 
closes  with  the  engagement  parac'hute.  The  apparent  change  in  position  from 
level  to  approximately  twelve  feet  below  the  helicopter  can  make  engagement 
difficult  to  judge.  These  visual  problems  are  compounded  by  the  need  for 
precise  heading  and  roll  control  since  any  degree  of  uncoordinated  flight  is 
magnified  in  the  pole  position.  Airspeed  must  be  maintained  within  a  small 
band  (43  to  60  knots)  for  proper  operation  of  the  energy  absorbing  winch. 

The  head-up  display  has  been  used  to  assist  pilots  during  visual  track¬ 
ing  tasks.  The  HUD  is  an  outgrowth  of  the  reflecting  gunsight  and  presents 
flight  instrument  data  in  the  pilot's  field  of  view  as  he  looks  at  external 
visual  cues.  To  date,  HUOs  have  been  applied  to  two  main  areas:  weapons 
deiivery(]^)  and  landing  approacfi(^,2)  •  survey  of  HUD  technology  is  also 
available(4 ) . 

HUDs  serve  to  combine  real  world  visual  cues  with  derived  data.  These 
data  sources  are  complementary.  It  would  be  difficult  to  reproduce  the  real 
world  cues  artificially.  At  the  same  time,  the  derived  data  presents  infor¬ 
mation  that  the  pilot  cannot  perceive  directly,  or  only  with  great  dif f iculty. 
One  must  be  careful,  however,  to  ensure  that  both  data  fields  are  compatible. 
As  Singleton  points  out(2),  there  is  a  basic  incompatibility  between  the 
redundant,  analogue  data  of  the  real  world  and  the  symbolic,  often  digital 
data  of  artificial  displays.  The  problem  is  further  complicated  by  the  need 
for  careful  attention  to  retain  proper  balance,  so  that  the  proper  display 
(real  world  or  artificial  data)  dominates.  During  visual  tracking,  the  real 
world  must  dominate  with  the  flight  instrument  data  providing  supplementary 
information.  The  roles  reverse  during  instrument  flight.  However,  the  HUD 
nj'jsH  be  such  a  ccmpelling  sight  that  the  pilot  fixateti  un  it  Lu  Lfit;  ex¬ 

clusion  of  the  real  world.  This  has  definite  implications  on  pilot  learning 
and  has  been  reported  elsewhere  (_2) .  These  comments  were  verified  by  conversa- 
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tions  uith  HUD-qualified  piloto  prior  to  the  development  of  the  test  plan 
for  this  study,  as  well  as  during  preliminary  HUD  flights. 


EQUIPMENT  DESCRIPTION 


The  particular  HUD  evaluated  in  this  study  is  a  modified  electro-mechan¬ 
ical  unit  manufactured  by  Sundstrand  Data  Control.  The  system  consists  of 
two  pilot  display  units,  a  control  module,  and  a  computer.  The  HUD  was  de¬ 
veloped  from  a  commercial  transport  display  known  as  the  Visual  Approach 
Monitor  'VAM).  The  VAM  presents  pitch  and  longitudinal  flight  patch  infor¬ 
mation  to  the  pilot.  No  roll  or  heading  information  is  supplied.  The  VAM 
was  designed  to  minimise  the  problems  of  judging  final  approach  path  angles 
during  visual  approaches.  It  is  presently  in  operational  use  with  Pacific 
Western  Airlines  in  their  arctic  support  flightsC^)*  It  has  also  been  eval¬ 
uated  in  several  military  and  civilian  airplanes. 

Roll  information  is  not  considered  essential  since  tiie  VAM  was  designed 
for  use  on  final  approach  in  visual  conditions  only.  Later  VAMs  incorporate 
an  airspeed  index  showing  deviation  from  a  reference  speed,  A  color-coded 
index  shows  deviation  with  a  red  5  for  slow,  a  yellow  F  for  fast,  and  a  green 
0  for  correct  airspeed,  [his  peripheral  cue  is  similiar  to  the  angle-of- 
attack  indexes  on  some  military  airplanes. 

The  Light  Line  is  a  further  development  of  the  basic  VAM  display.  De¬ 
veloped  under  support  from  the  AFFDL ,  the  Light  Line  presents  both  pitch  and 
roll  information  as  well  as  a  flight  path  angle  display  appearing  as  a  beam 
of  liejht  emanating  from  the  airplane  to  the  projected  impact  point.  This 
display  was  evaluated  as  an  approach  aid  in  USAF  T-38  airplanes  at  the  In¬ 
strument  Flight  Center(^]. 

Ihe  flUD  used  in  this  study  is  a  further  development  of  the  VAM/Light 
Line  displays.  At  the  start  of  the  program,  it  was  not  clear  if  roll-stabil¬ 
ization  would  be  required.  Therefore  a  roll/no-roll  option  was  provided 
through  a  roll  cut-out  switch.  Airspeed  data  was  provided  with  a  VAM-type 
airspeed  index,  and  a  "ball  bank"  indicator  showed  sideslip  information. 
Figure  2  shows  the  symbology  of  the  test  MARS  HUD. 

5C0PL  OF  EXPERIMENT 


The  overall  purpose  of  this  program  was  ho  determine  whether  a  HUD  will 
assist  the  pilot  of  a  MARS  helicopter  with  recoveries  in  low  visibility  con¬ 
ditions  and  will  also  enhance  training  and  standardization.  The  experimen¬ 
tal  objective  was  to  determine  whether  a  no-roll  presentation  is  acceptable 
for  MARS  operations.  If  not,  is  a  roll-stabilized  horizon  bar  acceptable? 
Specific  questions  to  be  answered  were:  (i)  What  changes  in  MARS  performance 
(precision  and  smoothness  of  control,  airspeed  control,  and  maintenance  of 
the  sight  picture)  are  attributed  to  the  HUD?  (2)  What  is  the  pilot  workload 
change  induced  by  the  HUD?  (3)  What  are  pilot  preferences  for,  and  potential 


383 


operational  problems  associated  with  roll-stabilized  and  non-roll-stabilized 
HUD  formats?  and  (4)  Vihat  changes  in  HUD  format,  data,  or  procedures  will 
help  improve  MARS  performance? 

The  evaluation  was  originally  planned  to  be  conducted  in  two  phases,  both 
to  be  flown  from  Davis-Monthan  APB,  Arizona,  in  visual  flight  conditions. 

Phase  I  was  to  be  flown  using  80  lb  weights  with  modified  personnel  para¬ 
chutes  (TWs)  as  targets.  Actual  engagement  was  not  planned.  A  counterbal¬ 
anced  experiment  was  designed  using  the  two  HUD  presentations  (roll-stabi¬ 
lized  -  RH,  and  no-roll  -  NR)  and  a  no  HUD  control  (NH).  The  experiment 
was  arranged  to  yield  useful  data  with  as  few  as  four  subjects  and  six  sorties, 
although  the  planned  numbers  were  six  subject  pilots  and  ten  sorties. 

Phase  II  was  to  follow  and  consist  of  two  MARS  recoveries  of  1800  lb 
dummy  vehicles  (DVs)  with  tandem  parachutes  (main  and  engagement  parachute 
system  described  above).  This  phase  was  intended  to  validate  the  results  of 
Phase  I  which  used  single  parachutes  as  targets  with  no  recoveries.  During 
Phase  I,  the  advantages  of  the  HUD  were  so  obvious  that  Phase  I  was  curtailed 
at  the  minimum  allowed  in  the  experimental  design.  Phase  II  was  expanded  to 
include  a  thirty  day  operational  evaluation  at  an  operating  location  (CL). 
Dunra]  this  evaluation,  eighteen  operational  drones  were  recovered  using 
the  HUD. 


PHA5P  I:  INITIAL  TESTING 


Lach  subject  pilot  flow  on  one  or  two  sorties.  A  sortie  consisted  of 
approximately  thirty  minutes  of  familiarization  with  the  HUD,  followed  by  up 
to  twelve  simulated  MARS  passes  to  TWs.  All  three  HUD  configurations  were 
used  on  a  given  sortie;  RH,  NR,  and  NH.  The  order  was  varied  to  minimize  the 
effect  of  learning.  Each  subject  pilot  completed  a  pre-experiment  guestion- 
fiaire,  rating  cards  after  each  series  of  passes,  a  post-flight  questionnaire, 
and  a  post-experiment  questionnaire.  The  safety  pilot  completed  a  rating 
card  after  eacli  pass. 

A  total  of  six  sorties  were  flown  using  four  subject  pilots.  All  four 
subjects  were  well  qualified  in  CH-3  MARS  operations.  CH-3  flying  experience 
ranged  from  800  to  1800  hours  with  a  total  flying  experience  range  of  2500 
to  2950  hours.  All  pilots  were  CH-3  instructor  pilots.  The  safety  pilots 
were  also  CH-3  instructor  pilots.  One  of  the  subjects  also  served  as  a  safe¬ 
ty  pilot  after  he  completed  his  flights  as  a  subject.  None  of  the  pilots  had 
flown  any  HlJD-equipped  aircraft  prior  to  this  evaluation. 

Pre-experiment  Uuestionnaire 

In  addition  to  establishing  the  subjects^  qualifications,  the  question¬ 
naire  asked  for  their  assessment  of  the  MARS  mission.  Counting  the  safety 
pilot  and  the  copilot  on  one  Phase  II  DM  recovery,  six  questionnaires  were 
complei.ed.  The  r-npsensus  was  that  the  meat  Gignificaril  visual  problem  was 
determining  the  position  relative  to  the  engagement  parachute  in  the  absence 
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horizon.  The  pilots  also  commented  on  the  difficulty  of  transi 
tioning  from  keeping  the  parachute  on  the  horizon  to  oassino  ovpr^ihl 
just  prior  to  engagement.  Tuo  pilots  felt  that  mil  ■  he  canopy 

imoortant  in  a  uiin  k  <•  i-  l  •  .  roll  information  \i/ould  be  very 

important  in  a  MAKS  HUD,  but  not  essential.  Three  felt  that  ii-  la  ^ 

desirable,  and  one  pilot  had  a  neutral  opinion 

Subjective  Workload 

the  nnnfa  -najor  change  in  overall  subjective  workload  as  reported  bv 

tion  than  with  the  NR  HUD.  Table  I  shows  the  data!  configura- 

Need  for  Additional  Data 

The  pilots  all  felt  a  need  to  come  "inside"  for  more  riata  Kior.  u 

on  the  tlUD.  All  reported  a  need  for  airspeed  until  thev  aSSed  Yn  Z 
speed  indexes.  All  required  vertical  velocity  data  MQ<^t  ren 
informal  ion  witti  \H,  but  either  HUD  provided  this  data  to  the^pilot- - 
faction.  Roll  and  pitch  data  were  required  in  the  absence  S  Thud  hv 

pilots;  the  RH  configuration  eliminated  the  need  to  coL  Insioe  ^or  elttZ 
One  pilot  felt  a  need  for  torque  or  RPM.  either. 

to  be  usefuronl!  du?irK!°fifIaf appJLchersJnce  the^hoiizi^ ‘baJ^^  HUD  was  felt 
be, and  the  ll.Ua  of  toe  co.biner^ioaa  Sn^np^Jotb”'' 

.ia«  of  tho  porochuto  op  it  papsod  bonooth  thfli^SSopS. 

Porf  orrT^cinc'e 

thobe“"o2U"dif;:?"o"f 

eobb”bad“ 

.  r  .  ‘o  passes,,  [he  absence  of  roll  data  mumc 

the  miss  rate  to  increase  to  28'’o  (4  misses  in  14  passes)  Thi.  if  Lf  f  f- 

tically  significant.  pao^eo).  This  is  not  statis- 

Concern  Over  High  or  Low  Passes 

general,  the  loss  of  sight  of  the  parachute  1  short  ??na!  ihl  v  h  2 
hardware)  did  bother  him.  (Note:  this  subject  pilot  almV  by  the  HUD 

pilot  and  as  a  subject  pilot  durina  ^hase  h  and  e  t  St  Irw^'  n  h 

ieStrStSS  HUD-configuration  causeSt'-hlS-t  bSSof 
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trcl  (1  -„h^o  ^.^  ^  '"Objects)  and  thp  subjects)  rl'^D°  ^ 

-  -e  t„Ts.„Tri“S':%pee‘r™. 

tnsn 


a^tr'a^nf"  °'-» 

S --  -r  “ -SS?S 

^he  HUD  uas  " 

four 

tf^nh  th ''ve  '“'  dinplaru.  at  n,  Called  in  another 

Both  01/  „,  ,.  .  “  '’““  'O"- 

t/io  oiqhtoon  HU0-l"j"„f-  “jj”‘“-f'oritl,a„  jr„  ^  _ 


^^nefit  of  fiiji) 


--IL  or 

me  aocond  acen^  m 

::.''''  ™-  Bo  .B/p 

o  -  b”LV"'“’  --  -.•  -r 

"■■■■Pi'"B=rout^„t„.,,  ^  '“P  POO  -ry  liteiv 

pUot  uortlood  ,08  I 

■BPI’  Jo»er  .ith  tho.  HOO. 
««0puot=8„-,.  “JBPiPoo 

'^°‘'ntinrj  o„e  tea7l~7lr:; -  “"  ‘  in  the 

u-j  a  Guccpo-or.  .1 
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HUO  from  their  experieme  in  Ari^jona  alloued  them  to  use  the  min  i- 

their  flight  paths  and  make  consistent  catches.  ’  correct 

Need  for  Roll-Stabilization 

paoto  rell  th=;  ^az  T 

thab^zoU-tabiUzation  .as  an  essential  zeciionent  f;rase'in''zeX"f  "“i- 


UISCUSSION 


Operational  Ef fectiveness 

.ere  2  '"■■a„Ts“ce“y?^iL^e°'''’‘“‘‘;“"-.  passes 

2r“t„r‘“,ses!"i„1;:^i:r™e  :,abe“’*"?ST"‘  0?\be 

Srizone?  ’  ' ^  '»■'=>  in  “"■■ 


.nce.%„~Snb[r»'laIfc^Ssi?“‘;;,r'ea»"‘:;?e=^^^ 

A  !  Sa5e^rpaksL“itreU^e^“„5S 

The  actual  recouerien  made  using  the  roll-stabilized  HUD  both 

tional  drones,  can  be  classed  as  steP'lv  mzair  ’  °  opeia- 

learninn  passes  and  48  steady-^tairpe^F^'^Lee^.S™'"  ”  . 

The  performance  comparison  between  the  i-o  HUD  i/proimn.  ,  . 

on  the  learning  data.  Because  of  the  small  samplf size  the  d^f-er  ^  be  based 
miss  rates  is  not  significant.  ^  ^  difierence  in 


To  compare  the  performance  of  the  RH  and  the  no  HUr  Iti<-z»i 
steady-state  performance  and,  is  a  result,  equate  the  diff icuUv''Af''^  T 
passes  to  TWs  and  to  tandem  parachutes,  althouah  the  mo^  ^ 

parachata  r„ste»  ™tas  ,,-Jl  rocoaertea  harS  -  °  tha  bandar. 

difficulty  of  operating  in  Arizona  in  good  yisirFllIti  to''ti;n“rtTF''’ 
operating  at  the  OL  in  haze  and  srnclte.  Slnne  the  iIh  n^°-s  ‘''ff'a.fty  c,r 

th°a'L!‘  aaso^tiohs 

21  paS:r;:'i?r;’t^i°  :u.io;rtha-;i:s  s  ‘“:adr‘'’’A“'i„'“  - 

precludes  any  statistical  test  (x^=2.29,  df-1  Q  2>n>n^n  data 

of  the  heavily  bia.ssed  test  conditienf  thl  difr>2n  ^  ^ '-'ie- 
be  considered  valid.  ^  E?nce  m  miss  rates  should 
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Mission  Success  Rate 


To  convert  from  mios  rate  (i.  e.,  fraction  of  passes  missed)  to  mission 
success  rate  (i.  e.,  fraction  of  drones  recovered/,  ue  use  the  familiar  par¬ 
allel  redundancy  formula: 

MISSION  SUCCESS  RATE  =  1  -  (MISS  RATE)" 

where  n  is  the  number  of  passes  possible  before  the  drone  is  too  loo  ^ 
safe  pass.  With  a  typical  value  of  n  =  3,  we  can  compute  the  mission  success 
rates.  For  the  roll  HUD,  the  learning  curve  performance  is  98.9,o  and  the 
steady-state  performance  in  99.8'’o  of  all  drones  recovered.  The  steady-state 
baseline  (no  HUD)  performance  is  96.8?(;. 

Again,  the  assumptions  favor  the  no  HUD  case.  If  we  look  at  the  one 
sortie  where  the  HUD  malfunctioned  (3  misses  out  of  four  passesJ,  the  corres¬ 
ponding  mission  success  rate  for  no  HUD  in  haze  would  be  98“o.  This  figure 
is  consistent  with  mission  recovery  rates  of  less  than  fifty  percent  which 
have  been  reported  in  no-horizon  conditions- 

Flight  Safety 

The  primary  hazard  during  MARC  operations  is  collision  with  the  para¬ 
chute.  During  Phase  I,  it  was  noticed  that  the  successful  passes  wiuh  the  HUD 
were  concentrated  at  the  pole  tips.  This  effect  is  probably  the  result  of  the 
aiming  U  helping  the  pilot  to  make  a  smooth  transition  to  allow  the  parachute 
to  pass  beneath  the  helicopter  into  the  engagement  window.  While  this  errect 
was  only  noticed  with  passes  to  TWs,  it  will  undoubtedly  reduce  the  number  of 
fiose  or  bellv  slaps  during  training  and  certainly  minimize  the  risk  of  a  ca¬ 
tastrophic  collision.  It  is  not  clear  whether  the  aiming  V  should  be  adjus¬ 
table  to  accommodiate  different  size  parachutes.  The  pilot  opinions  were 
divided  and  no  tests  were  conducted. 

While  no  particular  problems  with  the  no-rcll  HUD  were  noted  during 
flights  in  good  weather,  the  pilots  at  the  OL  did  report  a  strong  tendency 
toward  vertigo  when  flying  the  no-roll  HUD  in  restricted  visibility.  This 
represents  an  unacceptable  hazard. 

One  sortie  was  cancelled  because  of  invalid  pitch  data  on  one  HUD.  This 
can  be  a  serious  hazard  in  instrument  weather  conditions  or  Jt  the  horizon  is 
not  visible.  Serious  consideration  should  be  given  to  incorporating  an  in¬ 
strument  comparator  to  warn  against  invalid  data.  Failing  this,  crew  proce¬ 
dures  must  be  developed  to  ensure  that  discrepancies  are  noted,  however,  it 
will  be  difficult  for  the  non-flying  pilot  to  crosscheck  his  HUD  with  his 
panel  instruments. 


Displayed  Data  Requirements 

The  basic  MARS  HUD  was  intended  to  display  pitch,  sideslip,  and  airspeed 
with  an  optional  roll  display.  The  pitch  di.splav  was  the  primary  display 
needed  for  MARS.  Since  sideslip  and  airspeed  were  critical  for  successful 
engagements,  they  were  also  included.  Part  of  the  experimental  design  was  to 


383 


0v3lu3tt?  the?  need  Tor  roll*  Th6  HUD  3lso  inclcidod  3n  3iniing  V  to  sssist  th© 

pilot  during  the  tranr.ition  just  prior  to  engagement.  During  the  evaluation, 

pilot  comments  suggested  that  vertical  velocity  data  be  added. 

Pitch.  Lack  of  adequate  pitch  cues  from  the  horizon  was  the  original 
reason  for  the  HUD.  We  can,  therefore,  presume  that  pitch  is  a  requirement 
for  a  MAPS  HUD.  tiouever,  with  a  pitch  malfunction,  the  airspeed,  sideslip, 

and  vertical  velocity  data  would  still  be  useful.  Pitch  failure,  then,  need 

only  extinguish  the  piten  and  roll  displays  vand  the  aiming  V). 

Roll.  Roll  can  be  considered  a  requirement  primarily  3  vertigo 
av o idinq*  measure .  Roll  failure  must  extinguish  the  pitch  and  roll  displays. 

Airspeed.  No  test  without  airspeed  was  conducted.  We  conclude  from 
pilot  comments  that  it  is  required.  Airspeed  failure  need  only  extinguish 
the  speed  indexes. 

While  the  use  of  the  throe  symbol  airspeed  display  is  adequate  for  de¬ 
termining  both  the  actual  airspeed  and  trends,  some  learning  over  and  above 
the  normal  HUD  familiarization  seems  to  be  needed. 

Sideslip.  Likewi.-.e,  no  specific  evaluation  of  a  no-sideslip  HUD  was 
done.  Based  on  pilot  comments,  we  conclude  that  it  is  a  reejuirement ,  The 
original  ball  bank  display  was  too  hard  to  read  for  small  sideslip  angles. 

As  a  result,  the  opaque  ball  was  changed  to  a  triangular  shaped  sideslip  in¬ 
dex.  I  fie  display,  as  niodified,  is  adequate  f  oi  tfie  MARo  m±ssion.  Bad  side¬ 
slip  data  need  only  extinguish  the  ball  bank  display. 

ierticai  tciocity.  Ihe  oiiijinal  display  had  no  vertical  velocity  data. 
Howev^',  the  majority  of  the  pilot  comments  indicated  a  need  for  such  data. 

The  reason  for  tins  can  be  found  in  the  Air  Force  handbook  on  instrument  fl>- 
ingiTj.  ftiis  approach  divides  the  flight  instruments  into  control  and  per¬ 
formance  instruments.  The  pilot  makes  his  control  inputs  be  reference  to  tfie 
control  it ‘C>t rumci its  isucfi  as  ADI  or  power.  tlirusL )  tind  mon.itois  the  aiiciaft  s 
re::ponse  bv  reftnence  to  f he  performance  instruments  (airspeed,  heading,  or 
vertical  velocity';. 

The  MARS  pilot;;,  having  made  a  pitch  or  power  correction  to  fly  up  or 
down  relative  to  the  parachute,  felt  the  absence  of  a  vertical  performance 
instrument  to  monitor  their  corrections.  This  explains  the  need  for  vertical 
veiocitv  data.  Apparently,  they  felt  able  to  do  without  a  power  control  in¬ 
strument.  Perhaps,  kinesthetic  feedback  from  the  collective  position  was 
sufficient.  One  pilot  did  comment  on  tfie  ab;3ence  of  torque  or  RPM  data. 

During  the  recovery  after  engagement,  the  pilot  must,  at  maximum  torque, 
trade  altitude  for  airspeed.  During  this  transition,  the  vertical  velocity 
data  is  also  needed.  A  torque  display  is  not  needed  since  the  pilot  can  sense 
maximum  torque  from  tfie  RPM  droop.  As  a  result  of  thesie  observations,  the 
production  MARS  HUD  incorporates  a  vertical  velocity  display.  Preliminary 
pilot  comments  to  ttiis  addition  were  favorable. 
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Aimimi  U.  The  aimino  V  war:  commented 
Houever,  no  concenaus  could  be  reached  on 
fercnt  r>ized  parachute  canopies. 


on  favorably  by  the  subject  pilots, 
the  need  for  different  Vs  for  dif- 


■.l,,liriod  Wsplav.  Ss  a  result  of  the  testing  und  pilot  eo.ments,  the 
syhboTog;  uos  ch'e-^  for  the  produetlon  fUBS  HUD  hord.are.  Ihe  revised 

format  it  ahoun  in  Fiijure  3. 


CONCLUSIONS 


This  nun  -v-tem  luith  roll)  uill  enhance  MARS  performance  during  periods 
f  P  Visibility  It  uill  also  enhance  safety  during  training  by  causing 

:;;r£iir:t'iri'p;eo'red'’rot;%te';-"o;»h°"pp^ 

insurrient  dutu  uo=  svoileblo  for  o  ototisticoll,  volid  test. 

Pilot  “srHoud  is  «rh  lover  MARS-l^oT- 

shoold  reguire  prsc  re  pusve  .  o  *  4  .  ^  „„„ 

[.“."i^i'odd.tlShsfu*!  The  airspeed  learnin,  cone  see.s  to  be  quite  vor- 

iable  from  pilot  to  pilot. 

ri  MARC  Linn  ohniild  disnlav  pitch,  roll,  sideslip,  airspeed,  and  vertical 
reloru);  “L  5  rTuahle  ^iT'-tTst  circuit' is  highly  desiroble.  the  horlron 
line  should  be  more  distinct  than  the  aiming  V. 


VJhile  the  HUD 


houlcJ  enhance  creu  trainintj  and  standard! 


vjniie  LMc;  »  o. - .  -  - 

mission  performance,  operational  flight  procedures 

after  fleet  use  begins 


hould  be  rev  . 


jell  as 
■rtly 
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INTRODUCTION 


Windshear  constitutes  one  of  the  major  threats  to  flight 
safetv  in  approach  and  larding  operations.  This  threat  is  enhanced 
not  only  by  the  potential  severity  of  the  shear  (defined  as  a 
wind  whose  velocity  changes  with  altitude),  but  also  by  the  ten¬ 
dency  of  the  shear  orofilo  to  change  rapidly  over  time.  This  lack 
of  predictability  has  led  to  the  need  for  control  and  disolay  aids 
to  help  pilots  better  cope  with  the  presence  of  windshears. 

This  paper  summarizes  the  second  phase  of  a  program  to  analyze 
display-control  configurations  for  the  Terminal  Configured  Vehicle 
(TCV) .  This  work  was  performed  for  NASA  Langley  Research  Center 
and  was  intended  to  augment  a  simulation  study  conducted  there. 

The  first  phase  of  this  study  explored  the  effects  of  certain 
control  and  display  configurations  on  approach  performance  in  a 
zero-mean,  random  turbulence  environment.  The  LRC  simulation  was 
augmented  by  an  analytic  study  performed  at  Bolt  Beranek  and 
Newman  Inc.  using  the  "optimal-control"  oilot/vehicle  model  to 
explore  both  performance  and  workload  differences  among  control/ 
display  configurations  of  interest.  The  reader  is  assumed  to  be 
familiar  with  the  features  of  this  model,  which  has  been  well 
documented  in  the  literature.  Frequent  reference  is  made  below 
to  the  report  bv  Levison  and  Baron  [1]  which  documents  the  results 
of  the  first  study  nhase  and  which  demonstrates  application  of  the 
Pilot  model  to  analysis  of  TCV  approach  performance. 

.-.pproach  performance  of  a  TC^?  in  windshear  environments  was 
studied  in  the  second  study  phase,  with  control  and  display  con¬ 
figuration  (along  with  windshear  profile)  the  major  variables  of 
interest.  The  existing  pilot/vehicle  model  was  modified  to  allow 
a  revised  treatment  of  nonrc^ndom  inputs;  because  the  longitudinal 
and  vertical  components  of  the  shear  have  greatest  impact  on  path 
and  airspeed  regulation,  only  longitudinal-axis  performance  was 
explored  in  the  analytic  study.  The  results  of  the  windshear 
study  are  documented  in  [2] . 


PROBLEM  DEFINITION 


Description  of  the  Flight  Task 


The  flight  task  of  interest  was  the  standard  straight-in  (3 
degree)  approach  of  a  simulated  TCV.  The  simulated  atmospheric 
environment  contained  low-level  zero-mean  gusts  plus  a  wind  shear 
consistina  of  a  rotating  horizontal  component  and  a  utief  inter¬ 
lude  of  either  an  uodraft  or  a  downdraft. 
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speed  and  fUnh.  natn  »ene 

control  was  Wheel  Steering  (ACWS)  or  "Velocity 

schemes;  "Attitude  Control  Wheel  Steerig  provide 

control  Wheel  Steering"  (VCWS).  ,  in  effect,  to 

attitude-rate  ^^CWS)  or  path  angle  (VCWS)  .  A  more 

r;Sr;d^^^rcrirtion1f  control  -f^/,r,rnnaiVarh!ne^Soreir°” 
fht  Src^-iild  /eat^rf  of^?hry^:ara  proLmated  hy  continuous 
linear  feedback  law  as  shown  in  Figure  1. 


Displays 

Flight  control  information  was  provided  ^primarily 

electronic  ^^^itude/director  i  d  ^  ^  display,  which  pre¬ 
figurations  were  (pictorial)  format,  and  (2) 

^r"fl4h'°S?ec?Sr"isplay,  which  provided  director  information 
bfsecf  of ;ati!Tath  angL,  and  attitude  errors. 

The  advanced  display  provided  the  ^olloyin^  airfaft  symbol 

information  (as  feJence,  (b)  an  artificial  horizon 

to  serve  as  x-axis  ai  roll  attitude  scale  and  pointer, 

,..a  pitch  attitPde  to  indicate  path  angle, 

(d)  a  pair  of-  , -ITI  .  loint  3  degrees  below  the  horizon, 

(e)  a  dashed  line  ^  ‘  fg)  an  extended  runwav  center 

{'L%rnr5"uneprrXdulation  \h,  a  a^hol  to  indicate 

^jfI-siiian2^“S-rtiafga™a"-a^4U  to  ptovide  intonation 
pertaining  to  soeed  management. 

Except  for  the  potential  gaima^s^bol^^thi- ^displ^. 

indentical  to  the  advanced  dis^  <  ^^^^,^^  structure  and 


change 
symbol , 


relative  to  the  gamma  wedae. 


in  the  vertical  dimension. 


The  "flight  director  ^g°g®DI^fovided^attitude  infor- 

plav  plus  director  info^ation  ^he  EADi^  symbolic  format,  and 
Ltion,  glideslope  and  rate-of-Simb  were  disnlayed  by 

director  information^  Air  runway,  qamma  wedges,  and 

^rtrtUl"g*rwere-o;it;ed  fro»  the  Eitni  in  thin  display  con- 

fiauration. 

Director  information  was  orovided  with  a  oair  of  crosnbars 
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Figure  2.  Sketch  of  the  EADI  Display 

(Display  elements  defiiied  in  the  text) 
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that  deviatad  from  the  “"r^figSed^iu^.  of  ^height!” 

rth^^ngir^i'-^rh^t:.  e^t^s  aa  desctihed  fa  t., 


wind  EnvxirQnin0nt 

,,^11  aq  7ero-mea'-  randoi..  qusts  were  simulated 
Wind  shears  as  well  as  -e  '  .  ^  simnlify  pnbler.  fcr- 

in  the  NASA-LRC  experiments.  e^ts ,  the  effects  of 

mulation  and  reduce  coraputationa^^j^^^^^^  ^odel 

these  simulated^ ousts  ^^is^-m-bances  added  in  oarallel 

analysis  by  „ris  '  Preliminary  model  analysis  was 

S^SuSld^to^reUrt'^fatitha^ce  level,  that  woe« 

fStriritStl=?«/efe„tarior^of''thniSlated  guat  Inotts  SI,  . 

Each  of  the  simulated  windshears  used  in^the^exneri^^^^^^^ 

and  analytical  study  contained  a  ^.he  relationship 

Dlus  a  brief  vertical  comoone.t.  nominal  3  deqree 

between  wind  speed  hears  *  (Note  that  the  horizontal 

^air;erticarwirc°ompfn:rts^ra:e  ^een  scaled  differently  in  this 
figure . ) 

methods 


Model  Analysis 

1  in  i-his  s+'udv  was  basically  the  so-cniled 

The  model  employe(i  in  ^  in  the  literature, 

"optimal-control  mooel  descry  -  deterministic)  incurs.  As 

modified  to  i  iniut  (!%.,  the  windshear) 

'fe  rifferert  lLf?hftTsr  '  reuiOus^studres^Sl-. 

^icrstrion  Sf  ‘tSis  asreorSf  the'^ilot  model  is  given  in  the  ac- 

pendix  to  [21 . 

volveft:“Ssic%ons?d:?a^i^ns:^^U  'thf to^M^^tiS 
ggjKSinSdicaed  i=/;hrair=raft"rom°"the‘'de“iref  glidr^o^th''’'"' 

”Srd’mSjrsoL:Lrth“r"ge^gepengenc,  snown  in  tigure  3. 
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15.3 


Figure  3.  Winrshear  Profile 
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Dilot  understands  the  nature  of  the  input 

model"),  and  (2)  the  way  in  which  the  pilot  detects  and  resoonds 
to  the  input.  A  simple  representation  of  the  pilot  s  knowledge 
the  windsLar  was  adopted  for  the  study;  basically,  we  assumed  no 
specific  knowledge  of  the  shear,  only  the  knowledge  that  «  ^on  ^ 
zero-mean  wind  might  exist.  We  assumed  that  the  pilot  would  ncu 
ary  to  anticipate  changes  in  the  wind,  but 
to  estimate  the  current  wind  vector.  This  level 

edqe  was  modeled  bv  simply  implementing  a  stepv/ise-constant  re  r 
senLuon  of  the  wind.  Since  the  wind  varied  relatively  slowly 
lith  time,  an  integration  time  step  of  1  second  was  sufficiently 
fine  to  allow  an  adeauate  representation  of  the  continuous  y- 
varvina  wind  SD06d. 

The  Pilot/vehicle  model  was  modified  to  reflect  the  following 
assumptions  concerning  pilot  behavior  in  a  non-tero-mean  input 
environment : 

a.  The  pilot  continuously  anticipates  the  behavior  of 
th“  displav  variables  he  is  utilizing,  given  his 
current' estimates  of  system  states  and  his  internal 
model  of  system  param.eters. 

b.  The  pilot  performs  a  short-term  average  on  the 
difference  between  expected  and  actual  behavior 
of  each  display  variable. 

c  If  average  prediction  error  is  sufficiently  large 
with  respect  to  the  variability  of  this  error, 
the  oUot  becomes  additionally  u.ncertain  about 
his  estimates  of  system  state  variables,  and  he 
attempts  to  upgrade  these  estimates. 

implementing  this  set  of  assumptions  led  to  the 
additional  pilot-related  model  parameters:  (1)  the  short  te  . 
:JeJag?ng  time,  (2)  the  magnitude  of  the  P-diction  error  con- 
<?idered  large  enouch  to  warrant  special  action,  and  (3)  specific 
stfte  variables  to  which  the  pilot  attributes  his  uncertainty, 
in  addition,  an  algorithm  had  to  be  formulated  for  relating 
prediction  errors  to  increased  uncertainty. 

Model  predictions  were  obtained  with  the  assumptions  that 
errors  were  averaged  over  about  two  seconds,  (2) 
an  average,  deviation  of  two  standard  deviations  from  the  expected 
Tralne  warranted  special  consideration  by  the  pilot,  and  (3)  uncer- 
^fin?y  couS  be  Associated  with  any  of  the  principal  state  vari- 
AbleA!  including  the  state  variables  representing  the  horizontal 
and  vertical  shear  components. 
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To  obtain  a  model  solution  it  was  necessary  to  describe  the 
task  environment  in  a  suitable  mathematical  format  and  to  assign 
values  to  model  parameters  related  to  pilot  limitations.  System 
dynamics  were  modeled  as  described  in  [1],  with  the  modification 
indicated  in  Figure  1  of  this  paper  to  account  for  control  wheel 
steering  augmentation . 

The  pilot  was  assumed  to  adopt  a  control  strategy  that  mini¬ 
mizes  a  weighted  sum  of  mean-squared  response  variables.  In 
this  study,  the  "cost  function"  included  height  error,  sinkrate 
error,  airspeed  error,  angle-of-attack  error,  control  deflection, 
and  rate-of-change  of  control  deflection.  Because  the  results 
of  the  previous  study  suggested  that  pilots  tended  to  regulate 
height  error  in  terms  of  an  angular,  rather  than  a  linear,  cir- 
terion,  weightings  associated  with  height  and  sinkrate  errors 
were  varied  inversely  with  range.  Weightings  for  other  variables 
were  kept  fixed  throughout  the  "flight"  as  documented  in  [2]. 

When  tracking  with  the  advanced  display,  the  pilot  was  as¬ 
sumed  to  perceive  height  error,  sinkrate  error,  pitch  and  pitch 
rate,  flight  path  angle  and  path  angle  rate,  and  potential  aamma. 
Because  movement  of  the  perspective  runway  with  respect  to  the 
nominal  glideslone  was  proportional  to  error  in  angular  terms, 
the  thresholds  for  height  and  sinkrate  errors  (in  terms  of  feet 
and  ft/sec)  varied  linearly  with  range.  The  height  error  thres¬ 
hold  was  based  on  an  "indifference  threshold"  of  1.4  meters  at 
the  30  meter  decision  height  as  determined  from  previous  analysis. 
Other  chreshold  values  were  based  on  considerations  of  visual 
resolution  as  described  in  Levison  and  Baron.  The  noise/signal 
ratio  of  -17  dB  associated  with  use  of  the  advanced  display 
reflects  a  moderate- to-high  level  of  workload  with  no  interference 
among  display  elements  (i.e.,  we  assume  integration  of  the  dis¬ 
played  information) . 

When  tracking  with  the  director  display,  the  pilot  was 
assumed  to  rely  primarily  on  the  director  symbol  and  the  air¬ 
speed  indicator  for  continuous  flight-control  information,  with 
a  negligible  amount  of  time  spent  scanning  the  status  informa¬ 
tion  for  monitoring  purposes  only.  The  threshold  of  1.0  m/sec. 
on  airspeed  was  based  on  the  assumption  that  tne  pilot  was  in¬ 
different  to  airspeed  errors  smaller  than  the  calibration  incre¬ 
ments  of  the  airspeed  indicator  (2  kts) r  threshold  values  for 
perception  of  director  displacement  and  rate  were  based  on  visual 
resolution  limitations.  The  noise/signal  level  of  -14  dB  reflects 
the  same  overall  level  of  attention  to  the  task  as  before,  with 
the  requirement  to  share  attention  between  the  director  and  air¬ 
speed  indicators.  For  simplicity,  equal  sharing  of  attention 
between  the  two  displays  was  assumed,  and  loss  of  visual  inputs 
associated  with  eye  movements  was  neglected. 


Experimental  Procedures 


The  experimental  task  was  to  track  a  3®  ILS  beam  to  touch¬ 
down.  Each  experimental  trial  beqan  at  a  simulated  ranqe  of  ^700 
m  from  the  runway  threshold  at  an  altitude  of  approximately  366  m. 
The  aircraft  was  initially  trimmed  on  the  desired  glide  path  for 
a  3®  path  angle  in  its  approach  configuration:  120-knot  airspeed 
lapS/  gear  down.  Rudder  was  automatically  controlled. 

Zero-mean  random  gusts  and  wind  shears  were  both  simulated 
during  each  experimental  trial.  Three  shear  environments  were^ 
explored,  including  those  designated  as  "Shear  1”  and  "Shear  3  , 
profiles  of  which  are  given  in  Figure  3. 

Gust  disturbances  having  an  rms  variation  of  0.3m/sec  were 
simulated  for  all  three  translational  axes.  Gust  spectral  char¬ 
acteristics  were  varied  with  altitude  according  to  the  wind  models 
suggested  by  Chalk  et  al.  [6] . 

Data  were  obtained  from  three  NASA  test  pilots.  Practice 
trials  were  provided  using  shears  other  than  those  specified  for 
data  collection.  Each  pilot  "flew"  two  sessions  of  18  approaches 
each  for  data  collection?  each  session  consisted  of  two  replica¬ 
tions  of  3  control/display  configurations  and  3  shear  environments 
presented  in  a  balanced  order.  Thus,  four  replications  ner  experi¬ 
mental  condition  per  pilot  were  obtained. 

Ensemble  statistics  were  computed  for  selected  response 
variables  for  each  experimental  condition.  First,  within-sub ject 
replications  were  analyzed  to  provide  trajectories  of  mean  response 
and  of  the  standard  deviation  of  the  response.  These  measures 
were  processed  further  to  provide  across-subject  averages  of  the 
mean  and  standard-deviation  response  trajectories.  Mathematical 
definitions  of  these  statistical  variables  are  given  in  Levison 
and  Baron. 

For  purposes  of  data  presentation,  statistical  analysis  was 
performed' for  height  and  airspeed  errors,  samoled  at  305_meter 
intervals  beginning  at  a  range  of  4572  m  from  the  ILS  origin. 


SUMMARY  OF  RESULTS 


Considerations  of  soace  preclude  an  extensive  presentation 
Qf  either  theoretical  or  experimental  results.  A  sampling  of 
results  is  presented  to  demonstrate  three  applications  of  the 
pilot /vehicle  model  in  the  context  of  this  study:  (i)  prediction, 
(2)  diagnosis,  and  (3)  extrapolation.  Additional  results  are 
documented  in  [2]. 
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Prediction 


The  followinq  four  figures  compare  disolav  and  control  trends 
for  predicted  and  experimental  mean  response  trajectories  for  the 
"Shear  1"  environment.*  Because  the  experiment  was  not  full 
factorial,  display  differences  are  shown  for  the  Attitude  CWS 
configuration  only,  and  control  differences  are  compared  for  the 
advanced  display  configuration. 

Effects  of  display  on  mean  height  error  and  mean  airspeed 
error  are  shown,  respectively,  in  Fiaures  4  and  5.  In  general, 
the  trends  predicted  by  the  model  are  confirmed,  but  the  differ¬ 
ences  observed  experimentally  are  smaller  than  predicted.  Model 
and  experimental  correlation  is  generally  better  for  height  than 
for  speed  response. 

As  predicted,  experimental  heiaht  error  is  generallv  more 
negative  for  the  director  than  for  the  advanced  display.  The  data 
also  confirm  the  prediction  that  the  director  display  leads  to 
a  larger  swing  in  error  over  the  course  of  the  approach.  There 
was  also  a  tendency  (not  predicted)  for  the  pilots  to  fly  above 
the  nominal  glide  path. 

Figure  5  shows  that  the  test  pilots  flew  the  director  dis¬ 
play  with  less  negative  (or  more  positive)  airspeed  errors  than 
achieved  for  the  advanced  display — a  trend  the  reverse  of  which 
v/as  predicted  by  the  model.  Given  the  reported  tendency  of  pilots 
to  fly  approach  speeds  greater  than  nominal  when  windshears  are 
anticipated  [7],  we  suspect  that  the  test  subjects  attempted  to 
compensate  for  the  lack  of  good  airsneed  information  from  the 
director  configuration  by  intentionally  carrying  excess  airspeed. 
Experimental  results  confirm  the  prediction  of  greater  swings  in 
error  with  the  director  display,  although  the  magnitudes  of  the 
display-related  differences  are  less  than  predicted. 

Figures  6  and  7  confirm  the  major  trends  predicted  for  con¬ 
trol  effects;  namely,  tighter  regulation  of  height  error  was 
observed  for  velocity  Ct-'S,  whereas  control  configuration  had  little 
effect  on  regulation  of  speed  error. 

Results  for  the  Shear  3  environment,  documented  in  [2] ,  showed 
similar  types  of  correlation  between  predicted  and  measured  mean 
error  trajectories. 


Model  results  shown  in  these  figures  are  true  predictions  in 
the  sense  that  they  were  obtained  before  the  experimental  data 
were  analyzed.  Pilot-related  model  parameters  v;ere  not  adjusted 
to  provide  a  best  match  to  the  data , 
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Diagnosis 

oiTTTianco  diffoironcss 

In  order  to  ascertain  -.^^ions,  the  director  display 

Observed  for  the  two  display  of  0.024  m/sec 

configuration  was  reanaly  ,  oreviouslv) •  This  reduced  thresh- 

(as  opposed  to  l*0,"'/f^h^J"Xich  woSrbe  associated  with  the 

hold  was  equivalent  to  that  wh  ^  display  if  potential 

the  aireeter  and  steed  indicators. 

Pi,ure  8  shovs  that  ^,,K;u?Ior?s”co^Sbte'S“hat 

display,  given  improved  (or  the  shear  1  environment, 

achievable  with  the  ^^;;;"«^,'*tSSold  on  airsoeed  should  sub- 
Thus,  reducing  the  perceptu  r the  flight  director.* 

stantially  improve  pertormance  with  the  .iignu 

Extrapolation 

.  reliable  -^liorrhit^a^  rorbfJSd^fy^ 

answering  various  what  i  ^tudv  we  used  the  model  to  expi- 

exolor.ed  experimenta  ^rjinq  the  pilot  with  better  knowledge 

ore  the  consequences  of  ,  the  "advanced"  display 

of  the  wind  ioSal  direct,  disolavs  of  horizontal 

was  considered  with  sholds  relating  to  perception  of 

and  vertical  wind  assumed.  -hr  integrated  display  was 

wind  velocities  were  neglected, _and^an^integ^^  all  dis- 

assumed  (i-e.,  f-tent  here  was  not  to  simulate  a  physically 

play  quantities) .  Th  determine  the  performance  potential 

rslocKtsS  "il^  imiroved  ostimstion  of  the  wind  environment. 

Pigure  9  shows  t^et  predicted^performancc^with_  the  «o  dis¬ 
plays  is  nearly  Wentica  e^j^^  improvement  in  performance  can 
would  appear  that  ^^^tle  provides  the  pilot  with  improved 

rsttSferof^fn:  tnttKSeSSrSiSd  environment. 

This  latest  -suit  is^contingent^on^the^^assumptio^^  ^  tha^t^the 

oilot  does  not  attemp  attempts  only  to  estimate  the 

varying  nature  of  b*'®  fjear  “  oerformance  could  be 

SproJed^fthfpuit  "r^to  attempt  to  extrapolate  the  wrnd- 

_ _ _  +-Vnn  -  m3,3er  .this  prediction  has  not  been 

*AS  of  the  WiTluxii'^ 
tested  experimentally - 
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E  -  diitioLoi  with  lowered  perceptual  threshold. 
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b)  Shear  3  with  Downdraft 


RANGE  (kilometers)  [thousand  feet] 

Figure  9.  Effect  of  Explicit  Display  of  Wind  on  Predicted 
Mean  Height  Error 

Attitude  CWS  .  •  • 

A  =  advanced  display/  W  =  additional  wind  display 


especially  it  the  ”®“/“|edic?iv“capaSliti“f of  both 

j"fora^d°Slspiry  fs'rratevant  atea  tot  future  study. 

discussion 

I„  .enetal,  P-J°-"'--"iSen?af  inrah^IytrcarSuuf 

^"t"irdt=rtirerpetioJty  Of -  the  -advanced-  ^iaPlay^with  «soec 

to  regulation  of  heiaht  errors,  but  control  oaram- 

allowed  tighter  regula.io  -  airspeed  reaulation.  Model  analysis 

eters  had  little  influence  on  airspeed  reg  ascribed  to  _ 

riffftrnceft^  speed-telated  infotpation  ctovtdec 

by  the  two  displays. 

Predictions  were  nost  swinc^of'^the  mean  error 

control-related  differences  in  the  total  w 

oSer  the  course  of  the  f of  mean  error.  Experi- 
response  variability  f^om  2  to  3  times  as  great  as 

mental  run-to-run  variability  was^y^^^^^^^  ^2]  ,  and  mean  errors 

oredicted  for  roth  _  nositive)  than  predicted, 

tended  to  be  less  negativ  "vrariability  niay  have  been,  in 

The  relatively  large  ^  base  small  to  prevent  the  Pilot  s 

part,  a  result  of  keepina  the  data  appeared  to  be 

learning  of  the  hy  high  and/or  fast  on  some  trials 

a  tendency  for  the  ^i^ots  t  fly  contribute  to  predictive 

and  not  on  others,  a  factor 

inaccuracies. 

•  c  vviA  rhTiof-'^’.7ehicle  model 

With  regard  to  ^-"^^.ifner  in^^inS  one  might  pro¬ 
to  the  study  ot  P%l°tinrboth  the  pilot’s  conception  of 

fitably  address  as  to  the  wind  information  exoli- 

the  behavior  of  the  cS  assume  ^hat  the  pilot  knows 

citly  displayed.  For  '  altitude  (and  thus  with  time)  in 

that  the  wind  will  chang  ^lore  the  consequences  ot  displaying 

a  smooth  manner,  and  ^  A  i^  this  study,  (b)  additional 

(a)  the  same  'variables  d  ^  ^  state,  and  (c)  additional 

variables  relating  to  the  f.^bange  of  wind.  Furthermore, 

variables  relating  to  a-vicn  of  these  factors  with  the  type 
one  can  explore  the  ^“ctors  that  can  be  explored 

and  severity  of  perfo^-mance  and  workload  for  candidate 

rntrots'Iuf  Ssplars!*as°;e.ras  the  utility  of  motion  cec  i„ 

detection  of  windshears. 

In  conclusion,  the  " imnortant  pertorm- 

r„J^'^frr;arre/a5a1o“o«;ois-;na--aisplays  in  winasheat  enviton- 
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npre<?sitv  of  understanding  per- 

ments.  Because  of  the  opera  the" pilot/vehicle  model 

formance  in  design  of  simulation  experiments 

be  applied  further  cannot  be  readily  studied 

and  to  explore  a  variety  o-  Guarantee  accurate  predictions 

in  the  laboratory.  While  w®  ^  ge  of  model  development, 

ranSSrt'rccrtrcrairaiSry:  in  a  variety  of  windshear  environ- 
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INTRODLXTION 


This  study  was  conducted  to  determine  the  minimum  update  rate  of  a 
forcing  function  display  required  for  the  operator  to  approximate  the 
tracking  performance  obtained  on  a  continuous  display.  Previous  studies 
(see  review  by  Frost.  1972.  p.  287)  using  time  on  target  as  a  measure  of 
pertormance,  obtained  a  breasdown  in  performance  around  15  samples  pe- 
second.  In  this  study,  frequency  analysis  was  used  to  determine  whether 
there  was  an  associated  change  in  the  transfer  function  characteristics  of 

forcing  function  displav  update 

t^rh^  h-  h  ‘  samples  per  second,  the  operator’s  rLponse 

to  the  high  frequency  components  of  the  forcing  function  would  show  a 
decrease  in  gam.  an  increase  in  phase  lag.  and  a  decrease  in  coherence 


apparatus 


The  forcing  function,  in  each  dimension,  consisted  of  the  sum  of  nine 
sine  waves  and  simulated  a  Gaussian  noise  passed  through  a  second  order 
filter  with  a  roll-otf  freque.ncy  at  1  Hz.  The  forcing  function  was 
generated  at  rates  of  120,  60.  30,  or  15  samples  per  second  and  presented  on 
the  screen  at  these  update  rates.  An  optical  projection  svstem  consisting 
of  a  low  power  laser  and  a  pair  of  galvo-mirrors  rear  projected  the  forcing 
function  onto  a  cloth  screen  in  the  form  of  a  spot  of  red  light  randomly 
moving  in  two  dimensions  about  a  center  spot  marked  on  the  screen  The 
maximum  excursion  of  the  forcing  function  was  +5“  visual  angle 'in 'azimuth 
and  elevation,  as  viewed  by  the  subject  (S).  The  +5“  visual  angle  positions 
were  also  marked  on  the  screen  and,  along  with  the  center  spot,  served  as 
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^NTENTiONALLY  BLANK 


calibration  points  for  both  the  forcing  function  and  S*s  eye  movement 
response.  The  subject  tracked  the  forcing  function  from  a  position  on  the 
opposite  side  of  the  screen  from  the  optical  projections  system  and  equi¬ 
distant  from  the  screen. 

The  subject’s  eye  line-of-sight  was  computed  using  the  AMRL  Honeywell 
Remote  Oculometer.  For  a  complete  description  of  the  Oculometer,  see 
Merchant,  et.  al.,  1974.  Calibration  of  the  Oculometer  prior  to  each 
tracking  run  was  accomplished  by  using  a  second  optical  projection  system 
positioned  adjacent  to  the  forcing  function  optical  projection  system.  The 
movement  of  the  laser  spot  generated  by  this  second  system  corresponded  to 
the  subject’s  eye  line-of-sight.  The  Oculometer-driven  laser  spot  was  turned 
off  during  the  tracking  run. 

Five  channels  of  a  seven  channel  1/2- inch  Ampex  300  instrumentation 
tape  recorder  were  used  to  record:  (1)  time  code,  (2)  horizontal  forcing 
function,  (3)  vertical  forcing  function,  (4)  horizontal  eye  movements,  and 
(5)  vertical  eye  movements. 


PROCEDURE 


Four  students,  two  male,  two  female,  from  the  University  of  Dayton 
served  as  subjects  for  this  study.  Each  subject  tracked  the  forcing 
function  twice  at  each  sampling  rate  (eight  tracking  runs  per  subject)  in  a 
partially  balanced  design.  The  data  for  each  subject  was  collected  in  two 
test  sessions  of  four  tracking  runs  each.  After  seating  the  subject,  the 
operation  of  the  Oculometer  was  checked  and  calibrated.  The  subject  was 
instructed  to  sit  in  a  natural,  comfortable  position.  The  only  constraint 
placed  upon  the  subject  was  the  instruction  to  refrain  from  making  large 
head  movement.  The  subject  was  instructed  to  follow  (pursue)  the  moving 
spot  of  light  with  his  eyes  as  the  spot  moved  on  the  screen.  The  subjects 
were  screened  for  uncorrected  20/20  vision.  Between  runs  subjects  were 
given  a  short  rest. 


RESULTS 


Frequency  analyses  of  the  data  from  the  four  subjects  were  accomplished 
using  an  IBM  370  Computer  and  the  BMD  X92  program.  For  each  run  the  power 
spectral  density  of  the  forcing  function,  the  power  spectral  density  of  the 
eye  response  output,  the  cross  power  spectral  density,  the  cross  correlation, 
the  coherence,  and  the  transfer  functions  in  gain  and  phase  were  computed. 
The  data  for  the  two  runs  for  a  given  sampling  rate  condition  were  averaged, 
for  each  subject,  at  each  of  the  nine  sine  wave  component  frequencies  of  the 
forcing  function. 
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The  average  transfer  function  gain,  averaged  across  subjects,  for  each 
of  the  four  sampling  rates,  are  presented  in  Figure  1  (Horizontal)  and 
Figure  3  (Vertical).  No  differences  attributable  to  sampling  rate  are 
present. 

The  average  transfer  function  phase,  averaged  across  subjects,  for  each 
of  the  four  sampling  rates,  are  presented  in  Figure  2  (Horizontal)  and 
Figure  4  (Vertical).  An  increase  in  transport  delay  of  approximately  30  msec 
was  observed  at  the  15  samples  per  second  update  rate  for  both  the  horizontal 
and  vertical  tracking  data. 

The  coherence  data  averaged  around  .98  with  a  slight  drop  off  at  the 
high  frequencies  and  showed  no  differences  attributable  to  the  sampling 
rate  of  the  forcing  function. 


DISCUSSION 


The  lowest  update  rate  used  in  this  study  (15  samples  per  second)  was 
not  low  enough  to  have  an  appreciable  effect  upon  the  transfer  function 
characteristics  of  the  operator.  Further  research  is  planned  using  lower 
update  rates.  Expected  changes  at  the  high  frequency  sine  waves  components 
of  the  forcing  function  not  observed  in  this  study  may  be  observed  at  lower 
update  rates.  A  time  on  target  analysis  of  the  data  is  planned  to  determine 
t^hether  the  results  of  this  study  correspond  with  the  results  previously 
reported . 
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Figure  1.  Horizontal  Gain  as  a  Function  of  Update  Rates 
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Figure  2,  Horizontal  Phase  as  a  Function  of  Update  Rates 
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Figure  3.  Vertical  Gain  as  a  Function  of  Update  Rates 


Figure 


4.  Vertical  Phase  as  a  Function  of  Update  Rates 
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INTRODUCTION 


perfo;^Lcrac  various  angSs'frS'^Tstrl^'hra^earr 
tracking  was  perLr^ea  .luh" 

aheaa  or  boresight  position.  Honevwell  ha^~on^^^'*a°“''  i*"®  straight 

subjects  aimed  their  heads  as  far  off  hnr  • '•  ^  in  which  the 

1970).  Their  subjects  slewed  SeifLds 

arrow,  on  the  head  position  displav  they  wer-=  usine'^^unt^T’ 

into  tne  field  of  view  of  the  helmet  mounted 'disS  L 

i-asic  cecame  that  of  laving  a  reticle  ovpr  ^h  "  point  their 

The  length  of  time  the' subject “ere  alLau"  r?l"  °"- 

seconds.  Flight  test  studies  conducted  at  Tvndl??  afr  ^ 

(Dietz  et  al.  1971  and  Grossman,  1974)  investUaJL  P 

ance  which  included  large  of f-bores  i^ht  .ncri  °  tracking  perform- 

tuo  studies  was  highly  predictable.  °  "Sles.  The  target  motion  in  these 

One  of  the  big  advantages  of  a  helmet  siyhr  in  ,  w-  t 
aircraft  is  its  of f-boresight  canabilir-  i  '  Performance 

However,  Cracking  data  using  a  target  ^  control  system, 

for  an  extended  period  of  time  is  missin-  ^ThiritLr^^'^^'"  randomly 
provide  data  in  this  area  chat  will  be  of  valu^rr  intended  to 

head  control  systems.  engineers  in  designing 
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>IETHOD 


Apparatus: 

A  PDP  11/34  minicomputer  with  floating  point  hardware 
generate  the  forcing  f'^nction^  f'hf  tar geflr head  moSon)!  and  perform 

Hone..eU 

present  the  moving  target  a  54  ka  ‘'-n  EILAC  PDS-4  computer 

symbol  relative  to  the  ’reticle.  rLponLs!'’the  forcing  function, 

an^f  tLrcode!^^  An  lS°370A55'’ias  used  for  data  analysis  and  plotting. 

The  forcing  function  was  IMLAC^war^fite 

head  azimuth  and  elevation  angles  at  a  30  J*  rate, 
running"  at  approximately  a  1000  H*  refresh  rate. 


Forcing  Function: 

f  were  eenerated  from  a  sum  of  sine  waves  with  the 

thS4“rs  4!iglbU  .cross  6  runs  »Ith  rh.  s...  Eorcr.g 

function. 


Procedure: 

Frsch  .riibiect  performed  the  head  tracking  under  6  head  position 

.ondlSoHs  a.  t^lo-1.8  «.»  «'"<  ‘"S"!" 

were  used: 

n°  +10®  (center-up);  0®,  -30®  (center-down),  -45  , 
0%  0“  (center-center).  0^^^  ^eft-up);  and  -45".  -30“  (left-down).  Because 

°f  e«rorthe  left-right^neck  muscles  and  pilot  study  data,  only  the 

of  symmetry  of  the  lerc  ^  S  Investigated.  Performance  at  angles 

left  hemisphere  of  head  examination  because  pilot  study 

further  limits  of  head  and  neck  motion  may  be  exceeded  at 

data  suggested  that  tne  iim  ^unoortine  data  give  the  average 

larger  angles  for  some  subjects.  0th«^^“PPf^^^®  e  2.  ^f  27"  down 

limit  of  male  necK  movement  fot^  up  ileAxuu 
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flexion  at  60®  with  S.D.  of  12®,  and  left  or  right  rotation  at  79®  with  S-D, 
of  14®  (Van  Cott  and  Kinkade,  1972).  The  maximum  excursion  of  the  target 
from  each  of  the  6  head  positions  was  ^10®.  This  small  excursion  was  used  to 
increase  the  probability  the  target  would  remain  on  the  subjects*  display  at 
all  times  and  not  require  the  subject  to  search  for  it.  Also,  the  small 
target  excursions  constrained  the  subjects  to  track  at  various  mean  angular 
positions  within  the  head  motion  envelope  to  provide  an  adequate  representa¬ 
tion  of  head  tracking  at  the  specified  off-center  positions. 

Each  tracking  run  was  100  seconds  long.  The  first  9  seconds  of  tracking 
were  not  scored  to  allow  the  subject  to  overcome  the  initial  **start  up” 
error  induced  by  the  target  suddenly  jumping  to  a  random  starting  position 
and  beginning  to  move.  The  following  91  seconds  of  tracking  data  were 
recorded  and  scored.  At  the  end  of  each  run  a  rest  period  of  1  minute  was 
given.  After  each  group  of  3  runs,  the  rest  period  was  extended  to  5  minutes. 
The  first  6  runs  were  practice  runs,  allowing  for  the  subjects  to  adjust  to 
head  tracking  at  each  angular  position.  All  practice  runs  were  presented  to 
each  subject  in  the  same  order.  The  data  runs  were  presented  in  a  randomized 
order  to  reduce  any  possible  ordering  effects.  All  subjects’  scores 
asymptoted  to  an  acceptable  level  of  performance  during  the  practice  runs. 


Subjects: 

Fourteen  male  subjects  were  used  with  ages  ranging  from  16-40.  Eye 
dominance  was  tested  for  each  subject  with  about  half  reporting  right  eye 
dominance.  The  subjects ’ instructions  are  given  in  Appendix  B. 

RESULTS  &  DISCUSSION 


A  subject’s  performance  scores  were  computed  from  his  radial  error  data. 
Radial  error  is  the  visual  angle  from  a  subject’s  line  of  sight  to  the 
target  at  each  instant  in  time-  The  Duncan’s  New  Multiple  Range  Test  (NMRT) 
V7as°used  Lo  test  for  statistical  differences  in  performance  at  the  6  head 
angle  positions.  Table  1  shows  the  3  homogenous  subsets  of  head  positions 
found  using  the  50%  circular  error  probability  (CEP)  metric  (a  50%  CEP 
refers  to  that  radius,  about  the  target,  within  which  the  subject  tracked 
50%  of  the  time).  The  best  performances  (lowest  CEP),  denoted  by  the 
A  subset,  was  found  when  the  head  faced  center-center,  left-center,  and 
left-down.  The  next  best  performance,  the  B  subset,  was  obtained  when  the 
head  faced  center-center,  left-up,  left-down,  and  center-up.  The  worst 
performance,  subset  C,  was  found  when  the  liead  faced  center-down,  center-up, 
and  left-up.  It  should  be  noted  that  the  differences  between  the  best 
position  (-45®,  00®)  and  the  worst  position  (00®,  -30®)  is  small,  .15°  or 
6%.  Wliile  this  difference  is  statistically  significant,  it  is  left  up  to 
the  designers/engineers  to  determine  if  the  difference  is  of  practical 
s  iguif  icaiice  • 


Establishment  of  on  target  gate  rings  were  done  as  an  analysis  pro¬ 
cedure  after  data  collection.  However,  during  the  experimental  runs,  the 
subjects  were  not  required  to  keep  the  target  within  a  gate  ring,  nor  were 
they  shown  any  rings.  In  analyzing  the  data,  a  subject  was  considered  on 
target  if  his  radial  error  was  less  than  a  specified  tolerance.  Six  on 
target  tolerance  rings  were  used  in  analyzing  the  data  collected  in  this 
experiment.  They  ranged  from  1®  to  6®,  in  1®  increments.  Gate  times  were 
computed  for  each  tolerance  ring.  Gate  time  was  defined  to  be  the  amount 
of  time  a  subject  kept  the  target  inside  the  ring.  As  soon  as  the  target 
was  outside  the  ring,  that  gate  time  ended.  If  the  target  was  again  inside 
the  ring,  another  gate  time  was  started.  To  reduce  "noise”  effects  in  this 
gate  time  measure,  an  arbitrary  dead  tim^  zone  of  .1  seconds  was  used.  This 
meant  that  not  only  must  the  target  be  within  the  ring  to  start  a  gate,  it 
must  also  be  within  for  .1  second.  Likewise,  it  must  be  outside  of  the  ring 
for  .1  second  to  end  the  gate.  The  mean  gate  times  for  each  ring,  averaged 
over  all  positions,  are  shown  in  figure  l.  Using  the  Duncan’s  test,  the 
gate  time  metric  did  not  prove  to  be  a  sensitive  measure  for  distinquishing 
among  the  angular  positions  (Tables  2-7).  For  all  of  the  tolerance  rings, 
except  the  4®  ring,  performance  at  the  6  head  positions  did  not  differ 
significantly  from  each  other.  The  4®  ring  indicated  that  the  longest  gate 
times  were  obtained  at  all  positions  except  left-up  and  center-down.  The 
next  subset  included  all  positions  except  left-center. 

The  time  on  target  (TOT)  scores,  for  each  tolerance  ring,  were  computed 
by  multiplying  the  mean  gate  times  by  the  number  of  times  the  target  stayed 
within  the  ring.  The  mean  TOTs  for  each  ring,  averaged  across  all  positions, 
is  sho^vTi  in  figure  2.  The  Duncan’s  test  was  applied  to  each  or  the  6  rings 
to  determine  homogenous  subsets.  As  chown  in  Table  8  for  the  1®  tolerance 
band,  there  are  no  significant  differences  among  any  of  the  6  angular 
positions.  As  the  task  becomes  easier,  by  increasing  the  tolerance  ring 
to  2®,  the  Duncan’s  test  indicates  that  3  homogenous  subsets  exist.  As 
with  the  CEP  metric,  the  TOT  with  a  2®  ring  has  the  best  scores  at  the 
center-center,  left-center,  and  left-down  (Table  9).  Next  best  scores  are 
center-center,  left-up  and  down,  and  center-up.  The  worst  scores  are 
center-center,  left-up,  and  center-up  and  down.  Increasing  the  ring  size  to 
3®,  there  are  still  3  homogenous  subsets  (Table  10).  The  best  and  second 
best  scores  remain  the  same,  while  the  worst  score  is  found  to  be  the 
center-down  position.  With  the  rings  at  4®  and  5®,  only  2  homogenous  sub¬ 
sets  are  found  (Tables  11  and  12).  The  best  scores  are  the  same  positions 
as  those  in  the  2®  and  3°  rings.  The  second  best  positions  are  also  the 
same  as  in  the  2®  and  3®  ring  plus  the  center-down  position  is  included  in 
this  subset.  The  6®  tolerance  ring,  the  easiest  task,  also  has  3  homo¬ 
genous  subsets  (Table  13).  The  best  positions  were  found  to  include  all 
positions  except  center-down,  while  the  next  best  included  all  positions 
except  left-center.  For  this  condition,  both  significantly  different 
subsets  have  almost  merged  into  a  single  subset. 


X  two  wav  analvsis  of  variance  was  used  to  test  for  significances  in 
RMS  error  scores.  No  significant  difference  was  found  between 
versus  elevation  RMS  errors  (Table  14).  Significance  at  the  =  .001  level 
wi<  found  between  the  6  angular  positions.  The  head  position  oy  a.iraut.i 
elevation  dimension  interaction  was  also  found  to  be  significant  at 
=  .001  level. 

X  Ounc.n’s  test  was  performed  to  compare  RMS  error  scores  between  the 
uv’u<  positions  for  both  azimuth  and  elevation.  Two  homogenous  subsets 
we'M^und  with  the  azimuth  scores  (Table  13).  The 

'he  cen'er-center  .ind  all  left  positions.  With  tae  elevation  RMS  error 
^cor^s  Ihomogenous  subsets  were  found,  but  with  a  ditterent  grouping  than 
'the  ^cber  metrLs  have  found  (Table  16).  The  best  pertormance  was  at 

-enter  left-down,  and  center-down.  This  was  the  onlv  time  that  .he 
l^r-down’ position  was  in  the  best  performance  grouping  when  multiple 
'  .  ,  '  l-,u-id  The  next  subset  contained  the  left-down,  center,  center- 

f,:,"  i..-  po,iao,. po».L.pn, 


Che  ec: 
lef  t-C' 
cencer 
creups 
ur,  win 


CONCLUSIONS 


The  3  primarv  metrics.  CEP,  TOT.  and  gate  times,  all  emphas.z.  a 
di--'-e;ent  a^oct  of  tracking  performance,  but  they  are  not  independent  of 
Lh.r  Thus  it  is  not  surprising  that  the  Duncan's  test  should 
4^:rL..Izna;e  ^h'same  position  subsets.  In  almost 


general.:.-  followed  bv  the  center-center  and  left¬ 
most  posi  ion  was  tae  left  emphasized  that  all  of  the  differences 

aown  posi  ions  ist  callv  significant.  However,  they  may  or  may 

round  were  .  j^e  helmet  mounted  sight  and  helmet  mounted 

Tov'u'^"  th"'ex  e;S;t  iere  earlv  prototypes.  The  later  models  of 
aispla.  use  ^  'cer  and  have  a  much  improved  center  of  gravity.  Both  ot 
eacn  unit  are  statistical  significant  differences 

'a:".c  the^?rsitions  within  the  envelope  ±43'  azimuth  and  ±3C’  elevation. 


.XPPENDIX  .4 

The  sum  of  sine  wave  input  was  chosen  such  that  it  simulated  white 

.  --........g  the  second  order  svstem  (  _  ±-7  )"  .  Eleven  -me 

noise  passed  tarous,h  the  s.c  -  tlsts^f  being  equal  spaced 

frequencies  tor  azimuin  sLle.  For  elevation,  the  11  sine 

between  equaUv^Sn  a  log  scale  with  the  frequencies 

rrcquenc.es  azimuth  frequencies . ^°Their  frequencies  ranged 

being  midwa.^  ^  3^  Hs.  .4n  additional  requirement  placed  upon  frequency 
.r.m  C.  -  resultant  input  must  complete  a  full  cycle  at  tne 

fr.,»ep<-lP=  bp  a  har.oplc  of  tha  fupda.ontal 

"o',;;,--.;-':  Fo.  fal.  axparlMnt,  the  lunda.aatal  fpeqaanoy,  - 

^  - -  =  .01099  H*. 

yl.02  seconds 
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appendix  b 


"Yrvnr  task  in  this  experiment  will  be  to  head  track 
Subject  Instructions:  Your  disolav.  located  in  front  of 

a  rapidly  .»v1p8  target  I»  of  the  dlaplay. 

your  right  eye,  you  will  notice  ^  reti  displav  as  you  move 

This  reticle  will  always  remain  at  the  ,  .  ,  ^  that  you  can  see  which 

your  head.  Please  move  your  head  around  a  li^l  ^ 

of  the  two  objects  is  actually  the  During  the  test  runs, 

the  display,  as  you  move  your  head,  is  Your  task  will  be 

the  target  will  move  around  in  ®  reticle  as  near  the  center 

to  move  your  head  so  as  to  ®®P  ®  j^^gt  90  seconds.  After  each 

of  the  target  as  you  can.  period  before  the  next  run. 

test  run,  you  will  be  given  rest^pe’-iods.  Each  test  run  will 

Please  remain  seated  head  aimed  in  a  different 

require  you  Jo  track  the  ta  g  practice  in  tracking  at  each  of  tne 

direction.  You  will  first  o  g  ^^hl  be  given  the  experi- 

6  head  positions  used  in  Jhe  experi  .  Y  ^^^owed  to  get  up  out 

rs  rii 

s::;:rcfarjif.rio^:';  »y 
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FIGURES  AND  TABLES 


FIGURE  1 

MEAN  GATE  TIMES  FOR  EACH  GATE 
TOLERANCE  RING,  AVERAGED  ACROSS 
ALL  HEAD  POSITIONS 


S 


FIGURE  2 

MEAN  TIME  ON  TARGET  FOR  EACH 
TOLERANCE  RING,  AVERAGED  ACROSS 
ALL  HEAD  POSITIONS 
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toler,'.;i:e:  rikgs  (deg) 


TABLE  1 

DUNCAN'S  NMRT  FOR  THE  MEAN  CEP 
SCORES  AT  THE  6  HEAD  POSITIONS 


1  CEP  (DEGREES) 

EL  (DEG) 

fiZ 

(DEG)  1 

-45 

■■ 

♦30 

2.60 

BC* 

2.61 

BC 

0 

2.51 

fl 

2.55 

RB 

-30 

2.57 

fil3 

2.66 

C 

TABLE  2 

DUNCAN'S  NMRT  RESULTS  FOR  THE 
1“  GATE  TIME  SCORES  AT  THE 
6  HEAD  ANGLE  POSITIONS 


r  GATE  TIMES  (SEC) 

EL  (DEC) 

HZ  (DEC) 

-45 

0 

♦30 

0.15 

fl 

0.16 

fl 

0 

0.16 

fl 

0.15 

fl 

-30 

0.16 

fl 

O.l'G 

n 

TABLE  3 

DUNCAN'S  NMRT  RESULTS  FOR  THE 
2“  GATE  TIME  SCORES  AT  THE 
6  HEAD  ANGLE  POSITIONS 


V  GATE  TIMES  (SEC) 

EL  (DEC) 

flZ  (DEO) 

-4'j 

0 

♦30 

1 

0.28 

fl 

0.28 

fl 

0 

0.29 

fl 

0.28 

ft 

-30 

0.29 

ft 

0.2G 

fl 

TABLE  4 

DUNCAN'S  NMRT  RESULTS  FOR  THE 
3“  GATE  TIME  SCORES  AT  THE 
6  HEAD  ANGLE  POSITIONS 


3°  GATE  TIMES  (SEC) 

EL  (DEC) 

nz 

(DEC!  1 

m 

0 

♦30 

0.60 

fl 

0.5'J 

fl 

0 

0.64 

fl 

0.62 

fl 

-30 

0.62 

fl 

0.58 

fl 

*  For  all  Duncan’s  NMRT  tables  in  this  report,  letters  represent  homogenous 
subsets.  The  mean  performance  scores  contained  in  a  subset  do  not  differ 
significantly  from  other  means  contained  in  that  subset.  The  means  not 
contained  in  the  same  subset  are  significantly  different  at  the  p  -  .05 
level.  A  given  mean  can  belong  to  more  than  one  subset. 
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TABLE  5 

DUNCAN'S  NMRT  RESULTS  FOR  THE 
4*  GATE  TIME  SCORES  AT  THE 
6  HEAD  ANGLE  POSITIONS 


4°  GATE  TIMES  (SEC) 

EL  (oro) 

nz 

(DEC) 

0 

♦30 

I.IIM 

B 

1.52 

fiB 

0 

1.85 

fi 

1.57 

JL 

CO 

o 

1 

1.59 

HB 

1.33 

B 

TABLE  7 

DLTJCAN’S  NMRT  RESULTS  FOR  THE 
6“  GATE  TIME  SCORES  AT  THE 
6  HEAD  .\NGLE  POSITIONS  , 


6®  GATE  TIMES  (SEC) 

El.  (DECI 

nz 

(OEGl 

0 

♦30 

17.2 

fl 

19.2 

»  J 

0 

20.0 

fi 

20.3 

fi 

-30 

19.5 

fi 

13.6 

fi 

TABLE  6 

DUNCAN'S  NMRT  RESULTS  FOR  THE 
5*  GATE  TIME  SCORES  AT  THE 
6  HEAD  ANGLE  POSITIONS 


5®  GATE  TIMES  (SEC) 

EL  (DEC) 

nz  (DEC) 

-i|b 

0 

o 

‘1.54 

fi 

4.62 

fi 

0  ■ 

5.12 

fi 

4.59 

fi 

-30 

>1.‘12 

fi 

4. 13 

fi 

TABLE  8 


DUNCAN’S  NMRT  RESULTS  FOR  THE 
1®  TIME  ON  TARGET  SCORES  AT 
THE  6  HEAD  ANGLE  POSITIONS 


r  TOT  {%) 

EL  (DEG) 

nz 

(DEC) 

-45 

0 

♦  30 

4.52 

4.56 

fi 

fi 

0 

5.15 

4.73 

fi 

fi 

-30 

5.2? 

4.66 

fi 

fi 
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TABLE  9 

DUNCAN'S  NMRT  RESULTS  FOR  THE 
2°  TIME  ON  TARGET  SCORES  AT 
THE  6  HEAD  ANGLE  POSITIONS 


2° 

TOT  {%) 

tl.  !DCr.i 

n7 

•  IX. 

-‘lb 

0“* 

~30'  ” 

•MI 

CO  ,C 

j 

i 

DC 

BC 

'  0  *'  I 

30.7  i 

23.3 

» 

i  onr 

j  -30 

.'O.S 

37.71 

1 

1 

1  . 

..u 

TABLE  11 

DUNCAN'S  NMRT  RESULTS  FOR  THE 
4“  TIME  ON  TiXRCET  SCORES  AT 
THE  6  HEAD  ANGLE  POSITIONS 


4° 

TOT  (fi) 

EL  (OEC) 

n.7 

rn"r  I 

-'•■5 

[  0 

79. 2 

B 

1  ' 

/o.  C- 

B_. 

0 

62.0 
fl _ 

oC .  5 

-30 

79.9 

riB 

Vo.  3 

TABLE  10 

DUNCAN'S  NMRT  RESULTS  FOR  THE 
3°  TIME  ON  TARGET  SCORES  AT 
THE  6  HEAD  ANGLE  POSITIONS 


3°  TOT  {%) 

El  iOLGJ 

fl?  furoi  i 

c  1 
1 

‘30 

OT  ^ 

_ 

GU.  1’ 

13 

• 

o 

CO.  3 

11 

00.7  j 

OB 

-30 

(  o  ? 

JV.  J 

RB 

. . 

bb.V 

C 

TABLE  12 

DUNCAN'S  N>®T  RESULTS  FOR  THE 
5°  XLME  ON  TARGET  SCORES  AT 
THE  6  HEAD  ANGLE  POSITIONS 


5® 

TOT  (^0 

[ L  iOl  01 

ny 

-*1*3 

0 

*30 

31. C 

SI.7 

D 

0 

0 

93.  G  ! 

1 

92.:.  i 

_n_J 

...  .!i‘L  1 

-30 

92.2 

9!.0  1 

1 

j 

^  rio  1 

1  CO 

i) 
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TABLE  15 


DUNCAN'S  NMRT  RESULTS  FOR  THE  AZIMUTH  RMS 
ERROR  SCORES  AT  THE  6  HEAD  ANGLE  POSITIONS 


r 

AZ  RMS  E  (DEG) 

EL  ;CCG) 

nz 

'DEC) 

-'15 

0 

♦30 

2.23 

B 

0 

2.15 

n 

2.15 

fi 

-30 

__  - 

2.23 

r.B 

TABLE  16 

DUNCAN'S  NMRT  RESULTS  FOR  THE  ELEVATION  RMS 
ERROR  SCORES  AT  THE  6  HEAD  ANGLE  POSITIONS 


EL  RMS  E  (DEG) 

EL  (DIG) 

nz 

(HE';) 

-15 

0 

*30 

2.20 

C 

2.20 

13 

0 

2.05 

R 

2.16 

13 

-30 

L  . 

2.11 

RB 

2.13 

RB 
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LIGHTWEIGHT  HELMET-MOUNTED  EYE  MOVEMENT  MEASUREMENT  SYSTEM 
'  *  John  A.  Bames 

US  Army  Human  Engineering  Laboratory 
Aberdeen  Proving  Ground,  Maryland 

Wo  first  realized  the  need  for  a  simple,  easy  to  use,  lightweigh. 
devic^tf  dete^ine  the  aircrew^n-s  fixation  points  and  paths  of  eye  ^ve- 
nent  between  fixation  points  when  we  performed  our  initial  eye  movement 
SfsurSrt  worr  Se  Led  a  Ntackworth  EMC-2  device,  fi^re  1,  to  determine 
a  helicopter  pilot's  visual  work  load  during  actual  flight. 


Film  Supply 


Figure  1.  EMC- 2  Eye-Movement  Camera 

The  development  of  the  present  system  has  been  a  "spare-time"  project 
lo-’i  The  components  have  been  procured  whenever  funds  were  available 
o"rpa«UulS  thai/use.  The  interface  ce^oaents  were 

constructed  by  our  shop  personnel  during  slack  periods  in  their  work 
sSeSr  There  are  lo  custom  designed  components  in  the  present  system, 
item  is.  or  is  made  up  from  commercially  available  components. 

The  helmet  we  used  is  the  type  that  preceded  the  present  US  Jrny 

LlLt  It  has  been  modified  slightly;  a  small  amount  of  material 
has  bLn  reLved'from  immediately  above  the  brow  to  accommodate  the  camera 
has  jjggj,  removed  and  the  suspension  system  has  been  replaced 

case,  the  enhiect- fitted,  molded  plastic  foam  inner  helmet  similar 

"'Sh:  fUght  Ll«ct.  The  fitted  hel«t 
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stabilizes  the  optical ? head  and  helps  to  keep  the  system  in  calibration 
during  use.  The  helmet-mounted  eye  movement  measuring  system,  figure  2, 
weighs  1,530  grams;  the  weight  of  the  present  aviators’  helmet  in  standard 
fom*  with  the  visor  is  1,545  grams. 


From  view  of  the  system. 


System  in  the  stowed  position. 


Figure  2.  Lightweight  Helmet -Mounted  Eye  Movement  Measurement  System 

The  optical  head  is  a  standard  NAC  Eye-Mark.  This  optical  head  was 
mounted  on  a  magnesium  yoke  which  in  turn  was  attached  to  j  slide  cam 
mounted  on  the  flight  helmet.  The  slide  cam  allows  one  to  adjust  the  eye- 
to-optics  system  distance  quite  easily  and  to  secure  it  so  that  the  system 
will  remain  in  calibration.  The  design  of  the  yoke  and  slide  cam  is  such 
that  the  subject  can,  in  an  emergency,  move  the  optical  head  forward  and 
upward  to  the  stowed  and  locked  position  atop  the  helmet.  This  feature  was 
necessar>*  for  flight  safety. 

The  television  camera  that  is  used  in  the  system  is  a  solid  state 
General  Electric  TN-20C0  with  a  charged  induced  device  (CID)  imager  used  as 
the  vidicon.  This  particular  device  has  45,000  cells  which  form  the  video 
picture.  The  charged  coupled  device  (CCD)  solid  state  imagers  are  also 
available  but  the  CID  imagers  have  an  advantage  in  that  they  do  not  ’’bloom” 
as  badly  when  they  are  struck  by  a  bright  light.  Fairchild  now  offers  a 
CCD  imager  which  contains  185,440  cells  and  produces  a  more  detailed  video 
picture;  this  was  not  available  when  our  system  was  assembled.  The  CID 
imager  is  mounted  on  the  NAC  optical  head  in  place  of  the  standard  fiber 
optics.  The  camera  electronic  package  which  measures  x  2  x  4  inched  and 
weighs  less  than  two  pounds  is  placed  in  the  pocket  of  a  vest  worn  by  the 
subject.  The  imager  and  electronic  package  are  connected  by  a  very  thin 
ribbon  cable  which  is  42  inches  long. 

The  output  of  the  system  can  be  sent  to  the  video  monitor  and  recorder 
by  direct  wire  or  by  the  use  of  video  transmitter.  It  can  be  transmitted 
over  a  range  of  3,obo  feet.  The  video  transmitter  measures  7^  x  3  x  3?i 
inches  and  weighs  1^;  pounds;  it  can  be  placed  in  another  pocket  of  the 
subject’s  vest. 
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p  age 


1 '7  irnlT*?  01*  iCSS*  TllC  pCWCT 

All  components  of  this  or  can  be  taken  ftcm  the 

can  b.  snppUed  %f.“;Srtora,  P-t  -qStenent  for  the  snbjec, 

.  \T“;l  SS-'  ^^etsi^0f■°f'^"‘- 

optical  head  to  the  ^  ^  ^  the  CID  imager, 

distance  hetneen  the  optical 

Pot  applications  -there  the  j^gYE-MARK  face  mask  morat.  For  our 

components  can  be  PF'/^froJlalerSe  snap  fasteners  of  the  face  mask 

"th'Sarfrt  eLier  Ld  faster  adinstments.  ^ 

This  system  is  not  “ifi™' .‘'®;,f‘cne'so«m'scene*but'*the'’instant  fe^- 
not  as  ;recLe  as  a  film  f„S'oSion.  For  most  purposes  little 

Tack  is  north  the  ■foS-^^J'^'fn^Ve  vrdfo  recordings,  then  the  system  is 
or  no  information  is  .  avior  where  the  fixation  points  will  he  at 

u«=ed  to  investigate  "visual  ^eha  inherent  problem  in  the  EYE- 

distances  greater  than  100  subject 's  fixation  point  is  a 

MARK  Tlie  light  marker  that  indic  nresents  an  increased  scene  area 

Sed  sTre.  .5  m.  and  as  the  '^^Ho  Se  rest  of  the  presentation. 

sr^arhid  uLiirdTu«esri  -  cte.^^^^^ 

rrtsJh^sf  :ndit 

1S“?hir?edSes‘;L  light  »i='g?..U.o'p«reh?«i;n  ?s'a  mixror 

pioble.  Jhat  might  “l'os%ysJe«  tontaihS 

iirate  of  the  real  world,  the  t  rectify  this  by  placing  a  front 

is  not  used  with  this  angle  in  front  of  the  monitor  and  view 

_ .1.  «;vster 


video  piccuic  ^  r- 

The  Fiscal  Teat  1977  cost  to  the  —ht  for  the  system  components 


was: 


FAC  EYE-WAPK  Optical  Head 
GE  TN-;onO  CID  Video  Camera 
Sony  AV-3400  Video  Recorder 

i^ny  CW-llS  Konitor/Receiver 

VM-2200  Video  Transmitter  1:.  mw 
Coupling  Lens 


3,4 


;o.oo 

925.00 

888.75 

252.00 

,584.00 

400.00 


TOe  ..o£f-of-the-shelf  “®'/‘„*'f‘S^tk'X’co^pment^^n?o”■  system; 
h  rutniiS'F'hr^cr-F  "soutees  hut  should  not  erceed 

$500.00.  ^  with  thf^ 

„e  have  '=a»d  "0  ayst»^  ^--thi-^priiarr.S:  The  subjeofs 

performance  specifications  s 

/.IQ 


head  was  fixed  in  position  sc  chat  all  recorded  movement  pure  eye  move- 
ment  and  the  recorded  errors  were  from  eye  movement  only.  The  targets  were 
set  at  a  distance  of  100  meters  from  the  subject  and  extended  in  an  arc  of 
11°  either  side  of  the  center  target.  The  NAC  specifications  indicated  a 
ILlmm  error  of  2'>  of  arc  at  10«  cither  side  of 

is  3.S  meters  error  at  100  meters  range,  he  measured  a. 6  meters  at  10 
a  smoothed  curve  of  the  42  data  points  recorded.  We  have  found  in 
that  a  3°  eye  movement  will  be  tolerated  before  the  head  is  moved,  thus  with 
this  system^ for  3°  of  eye  movement  we  have  an  error  of  1  meter  at  100  meters 
range,  10  cm  at  10  meters  range  and  1  cm  at  1  meter  range. 

The  listing  of  trade  name  products  in  this  article  is  not  to  be  taken 
as  an  indorsement  of  these  products.  They  were  the  products  that  were 
available  at  the  time  of  procurement  which  net  our  requirement  that  all 
elements  of  the  system  operated  on  12  volts  DC.  They  were  the  least  costly 
items  that  met  that  requirement  and  that  were  compatible  with,  or  could 
easily  be  made  compatible  with,  the  other  elements  of  the  system. 
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THE  EFFECTS  OF  CLOSED  LOOP  TRACKING  ON  A  SUBJECTIVE 

TILT  THRESHOLD  IN  THE  ROLL  AXIS- 
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Dayton,  Ohio 
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SUMMARY 


The  indifference  thresholds  for  the  perc.otL.n  o. 
were  experimentally  determined  in  a  moving  base  simu.^ 
ing  task  difficulties.  The  threshold  level  determx.ied 
approximately  3  to  7  degrees  (.Ig). 


txlt  :‘n  Che  roll  a::is 
cor  under  three  track- 
in  this  experiment  is 


INTRODUCTION 


ground  bMud 

■■'"LuHr”  drhu^S  oH”  ludifforonre  rhrorbold,  appeurn  to  be  a  funr- 

;rea:rto;fofrf|.  r£y™a . . 

amount  ot  rolo.  P  ,  .  pilot.  In  the  past  the  washouts  used 

°"’"a‘.d  o  Tat  .o^J  tofhe  paid  in  the  aionlator.  Very  little  data 

r/Lallable  rei;tlv,  ;p%hat^thla_.thteahold^.. 

y;rd;;.i..nlng  the  abaolut.  threshold.  Ooe^er  -  -,-,-/t-:rr:a:;d. 

eters  of  yliot  modeling. 

An  experiment  was  performed  to  determine  the  indifference  threshold  and 

the  interactive  effect  of  the  tracking  °per'' 

experiment  and  associated  results  are  presented  in  tnis  paper. 

METHOD 

The  basic  '■“^';;\“^r,r"a«p:rLroa^‘rrr,„rp^' rpp.a”^^^^  eai”'" 

itut  rh^uO-ro  tJflo^Lrioop  of  the  slLl.tor.  rigutc  .  fa  a  block  dlagra. 
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of  the  motion  and  visual  systems  used  in  the  experiment  showing  the  location 
of  the  disturbance  input  and  the  tilt  input  to  the  motion  plant  in  the  system. 
The  only  input  was  the  disturbance  input  so  the  display  was  the  negative  of 
the  simulated  plant  position.  When  the  subject  could  detect  the  tilt  input ♦ 
he  was  to  indicate  the  direction  of  the  tilt  via  a  hand-held  indicator  con¬ 
taining  a  left  and  a  right  thumb  actuated  pushbutton.  The  subject  was  in¬ 
structed  to  hold  the  pushbutton  down  until  he  no  longer  felt  that  he  was 
tilted.  The  time  histories  of  the  chair  position,  the  tilt  input  and  the 
hand-held  indicator  signals  were  recorded  and  later  analyzed. 

The  experiment  was  run  on  the  Roll  Axis  Tracking  Simulator  (RATS)  at  the 
Aerospace  Medical  Research  Laboratory  at  Wright-Pat terson  Air  Force  Base. 

The  RATS  is  capable  of  simulating  the  roll  dynamics  of  a  high  performance 
aircraft,  in  this  case,  an  F-16.  The  plant  dynamics  are  described  by  equation 
1  with  limits  of  180^/sec  and  400®/sec2.  The  cab  contains  a  CRT  mounted  at 
the  axis  of  rotation  which  is  through  the  head  of  the  subject.  The  subject 
viewed  the  display  shown  in  figure  2  which  was  26  inches  away.  The  subject 
used  a  force  stick  mounted  on  the  right  side  of  the  cab  to  control  the  track¬ 
ing  task.  To  prevent  the  subject  from  experiencing  any  external  cues,  a 
shroud  inclosed  the  cab,  white  noise  was  injected  in  the  helmet  and  the  room 
lights  were  extinguished.  In  addition,  a  harness  was  used  to  keep  the  subject 
in  his  seat  while  the  cab  was  in  motion. 

Three  sum  of  sine  inputs,  simulating  white  noise  passed  through  a  low- 
pass  filter  with  a  double  pole  at  2  radians,  weie  used  with  RMS  values  of 
.933,  1.40,  and  .467  pounds  which  resulted  in  14,  21,  and  7  degrees/second 
root  mean  squared  (RMS)  variance  in  the  visual  error.  A  group  of  ten  subjects 
were  exposed  to  the  inputs  in  the  order  mentioned  above.  Thev  ran  4  runs  a 
day  for  3  days,  with  each  run  lasting  165  seconds.  The  subjects  had  been 
trained  from  a  previous  experiment,  therefore,  minimum  training  was  required. 
Data  from  the  last  two  days  was  used  for  subsequent  analysis.  An  example  of 
a  data  run  can  be  seen  in  figure  3.  The  top  trace  is  a  time  history  of  the 
negative  visual  error  (simulated  plant  position)  seen  by  the  subject.  The 
negative  of  the  visual  error  is  shown  so  that  it  can  easily  be  compared  to  the 
actual  motion  plant  seen  in  trace  3.  This  was  the  tracking  task  he  was  trying 
to  null  out  by  keeping  the  wings  on  the  display  level  with  the  dashed  refer¬ 
ence  line.  The  second  trace  shows  the  offset  signal  that  was  added  to  the  cab 
position.  The  resulting  cab  position  during  the  tracking  task  is  shown  in 
trace  3.  A  run  consisted  of  from  zero  to  four  of  the  offset  signals  to  maxi¬ 
mize  randomness  between  runs.  The  offset  signal  itself  occurred  at  a  rate  of 
l°/sec  with  limits  of  ±20  degrees.  The  l®/sec  value  was  chosen  because  it  is 
below  the  roll  velocity  threshold  of  2®/sec,  see  reference  1.  The  last  graph 
is  the  output  of  the  hand-held  indicator  the  subject  used  to  indicate  when  the 
tilt  was  felt. 

In  addition  to  the  tracking  data  taken,  a  set  of  baseline  data  for  each 
subject  was  recorded.  This  data  provides  a  baseline  indifference  threshold, 
comparable  to  the  absolute  threshold  data  taken  in  previous  experiments.  The 
subject  was  asked  to  sit  quietly  in  the  cab  while  the  cab  was  tilted,  using 
the  same  tilt  input  described  earlier.  The  subject  was  to  indicate  the  direc¬ 
tion  of  tilt  as  he  did  before.  Tlie  iLackiug  task  was  not  present  and  the 


display  remained  fixed  on  the  screen. 

RESULTS 

ohr.<m  in  fiauros  4  through  7  and  summarized  in  figure  8. 
The  results  are  shown  in  fig  S  indicator  button  was 

For  ooch  group,  In  groups  of  half  degrou  Incra.onts.  Tho 

pressed  was  recorded  P'  ^  degree  group  was  then  plotted  in  Ms- 

number  of  points  recorded  in  each  halt  aeg  s  p 

togra.  tor.  with  the  .ean  and  mo  difficulty  of 

„ean  values  for  the  Indifference  '""f =foel  ne  data  due  to  the 

Che  task.  Fewer  data  points  were  needed  for  the  baseline 

smaller  amount  of  variance  across  subjects. 

u  ,,  -hnu-s  a  baseline  level  of  3.48“  (.06g)  which  jumps  to  6.46“ 

(  113SV;"e  leLt  difficult  task  and  7.56“  (.132g)  with  the  most 
i'iffi^ult.  These  results  are  discussed  in  the  following  section. 

DISCUSSION 

,  rhe  indifference  threshold  level  is  3.48“  {.06g). 

From  the  baseline  ,,ther  experiments  where  the 

This  value  can  be  compared  j  k  r  i-hf>  results  from  this  experiment  are 

absolute  threshold  was  determine  u  ,  conditions  under 

j  to  30  times  These  conditions  added  extra  loading  Co  the 

which  Che  experiment  a  •  loading  he  would  receive  when 

ru^irnrirrntMMrr!-  Scr  fhnn.  j^Siruts^^md 

;r.‘r.Tircw;,":;Mi.rr,“=cijrgnr?n;d  u.cd  m  puur  -uduung. 

c  u  V,  7  chnw  the  results  when  tracking  tasks  of  varying 
Figures  5  chrougn  7  snow  theje^^  ,„,.dicions.  The  results  of  all  four 

difficulties  are  added  to  contained  the  type  of  trend  as  expected, 

see  reference  2.  The  su^  y  Increasing  threshold 

least  difficult  or  Che  various  difficulties  were  obtain- 

levels  with  the  „hich  had  the  effect  of  changing  the 

ed  by  increasing  3„gcem.  This  change  accounts  for  part  of  the 

signal  to  noise  r.a  ,  ,  ,  levels  as  well  as  the  increase  in  the  variance  of 

increase  in  the  threshold  ^  baseline  is  due  to  the  initial 

the  data.  The  relatively  large  jump  from  .he  baseline 

loading  of  the  subject  by  the  cracking  task. 

CON’CLUSIONS 

•  • -  n«r  an  experiment  to  investigate  the  effects  of  the  tracking 
In  tnis  pap  ,  .  ..ffg-gj,ce  threshold  is  described.  Based  on  the  re- 

sufts'and'the  TLcuLion.  the'following  conclusions  can  be  drawn. 

1)  The  indifference  threshold  Increases  with  task  loading. 

2)  The  tilt  indcffercnce  Llue.hold  while  perfornung  a  tracking  task  i.s 

approx-imateiv 
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ABSTRACT 


An  experimental  and  analytical  study  was  undertaken  jointly  by  the 
Aerospace  Medical  Research  Laboratory  and  Bolt  Beranek  and  Newman  Inc.  to 
explore  the  effects  of  the  tilt  cue  on  pilot/vehicle  performance  in  asimu- 
laLd  heading  tracking  task.  The  task  was  performed  with  subiects  using 
visual-onlv  cues  and  combined  visual  ana  roll-axis  motion  cues.^  Halt  o 
the  experimental  trials  were  conducted  with  the  simulator  rotating  about 
the  horizontal  axis;  to  suppress  the  tilt  cue.  the  remaining  trials  were 
conducted  with  the  simulator  cab  tilted  90''  so  that  roll-axis  motions  were 
about  earth  vertical. 

The  presence  of  the  tilt  cue  allowed  a  substantial  and  statistically 
significant  reduction  in  performance  scores.  When  the  tilt  cue  was  sup¬ 
pressed,  the  availability  of  motion  cues  did  not  result  in  significant 
performance  improvement.  These  effects  were  accounted  for  by  the  optimal- 
control  pilot/vehicle  model,  wherein  the  presence  or  aosence  of  various 
motion  cues  was  represented  by  appropriate  definition  of  the  perceptual 
quantities  assumed  to  be  used  by  the  human  operator. 


*  This  res^^clT^  supported  in  part  by  AFOSR  under  Contract  No.  F4A620 
7A-C-0060. 
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INTRODUCTION 


One  of  the  problems  associated  with  ground-based  motion  simulation  is 
the  introduction  of  unwanted  or  ''false**  cues  that  are  not  present  in  three 
dimensional  flight.  The  particular  set  of  such  false  cues  present  in  a  given 
simulation  depends  both  on  the  nature  of  the  flight  task  and  the  degrees  of 
freedom  of  the  moving-base  simulator. 

This  paper  reviews  the  results  of  a  recent  experimental  and  analytical 
study  to  explore  the  pilot’s  ability  to  use  the  "tilt  cue"  (i.e.,  the  devia¬ 
tion  of  the  effective  "gravity  vector"  from  the  usual  head-to-seat  orienta¬ 
tion).  Such  a  cue  is  "false",  for  example,  if  it  is  present  in  the  simula¬ 
tion  of  a  constant  rate  coordinated  turn.  This  study  was  performed  as  part 
of  a  multi-year  collaborative  effort  between  Bolt  Beranek  and  Newman  and  the 
Aerospace  Medical  Research  Center  to  develop  a  model  of  the  pilot's  use  of 
roll-axis  motion  cues.  Results  obtained  in  the  preceding  phases  of  this 
program  have  been  reported  in  References  [1-5];  documentation  of  the  study 
reviewed  below  is  in  preparation.* 


DESCRIPTION  OF  EXPERIMENTS 


Preliminary  model  analysis  was  conducted  using  the  optimal-control 
pilot/vehicle  model  to  search  for  an  experimental  task  for  which  performance 
would  be  sensitive  to  the  presence  or  absence  of  the  tilt  cue.  This  analysis 
revealed  that  simple  roll-axis  tasks  of  the  type  explored  previously  would 
not  be  sufficiently  sensitive.  When  the  addition  of  another  integration  to 
the  system  dynamics  was  found  to  provide  the  desired  predicted  sensitivity, 
the  heading  tracking  task  diagrammed  in  Figure  1  was  adopted  for  this  study. 
In  all  experimental  trails  the  subject  was  provided  with  a  visual  display  of 
heading  error  as  sketched  in  Figure  2. 

Motion  about  the  roll  axis  was  provided  by  the  Dynamic  Environmental 
Simulator  (DES)  .  l>Tien  the  roll  axis  of  the  simulator  was  in  the  normal 
horizontal  orientation,  a  roll  displacement  provided  the  subject  with  a  tilt 
cue.  The  tilt  cue  was  suppressed  by  rotating  the  DES  90  degrees  so  that 
the  pilot  was  in  the  supine  position.  In  this  position  gravity  acted  normal- 
Iv  to  the  plane  of  rotation  and  could  not  provide  the  pilot  with  information 
related  to  the  tracking  task-  Motion  was  provided  only  in  the  roll  axis; 
yaw  motion  was  absent. 


Vehicle  dynamics  were  of  a  higher  order  than  those  explored  in  the  pre¬ 
ceding  study.  The  DES  itself  provided  approximate  r^vnamics  of  a  single  pole 


*  Levison,  W.  H.  and  A.  M.  JurV  "Modeling  the  Pilot's  Use  of  a  Roll-Axis 
Tilt  Cutr",  BBN  Repute  No.  3802,  Bolt  Beranex  and  Newman  Inc.,  Cambridge, 
Mass,  (in  preparation). 
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Figure  1.  Block  Diagram  of  the  Tracking  Task 
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Figure  2.  Sketch  of  the  Central  Visual  Display 
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at  2  rad/sec  and  a  cotsplex  pole  pair  having  a  natural  frequency  at  about 
10  rad/sec.  "Target”  motion  was  provided  by  a  sum  of  sinusoids  designed  to 
approximate  a  second-order  noise  process. 

Subjects  were  instructed  to  minimize  a  weighted  sum  of  mean  squared 
heading  error  and  mean  squared  roll  acceleration  and  were  trained  to  near 
asymptotic  performance  on  each  of  the  four  experimental  conditions. 


SUmVRY  OF  RESULTS 


The  comparison  between  predicted  arc  measured  rms  performance  scores 
presented  in  Figure  3  shows  chat  the  model  predicted  the  major  trend  of  the 
experiment:  namely,  that  motion  cues  would  benefit  performance  to  a  greater 
extent  when  the  tilt  cue  was  present  (i.e.*  horizontal  roll  axis).  This 
comparison  is  perhaps  better  illustrated  in  Figure  4  in  which  static-motion 
differences  in  rms  scores  are  shown  for  all  performance  measures.  For  the 
..lost  part,  predicted  differences  were  within  one  standard  deviation  of  the 
difference  scores  obtained  experimentally-  For  roll  axis  horizontal,  the 
model  predicted  a  smaller  decrease  in  the  error  score  and  a  greater  decrease 
in  the  acceleration  score  than  revealed  by  the  data.  Predicted  static/ 
motion  performance  differences  were  generally  less  than  observed  experimen- 
tallv  for  roll  about  the  vertical;  however,  observed  differences  were  largely 
not  statistically  significant. 

Model  predictions  shown  in  Figures  3  and  4  were  obtained  with  pilot- 
related  parameters  selected  as  indicated  in  Table  1.  On  the  basis  of  results 
obtained  in  a  study  of  simulator  washout  effects  [3],  a  "residual  noise”  of 
15  degrees  was  associated  with  perception  of  plant  roll  angle  from  the  tilt 
cue.  Because  of  the  relatively  large  roll  rates  and  accelerations  required 
to  perform  the  tracking  cask,  perceptual’  thresholds  and  residual  noise  terms 
for  ocher  motion- related  cues  were  considered  negligible. 

The  informational  analysis  adopted  in  previous  studies  was  used  to 
account  for  the  presence  or  absence  of  motion  cues.  For  roll  about  the  hori¬ 
zontal  axis,  moving-base  simulation  was  assumed  to  provide  the  pilot  with 
information  related  directly  to  vehicle  roil  angle,  roil  rate,  roll  accelera¬ 
tion,  and  roll  acceleration  rate.  We  further  assumed  that  attention  would 
be  shared  between  visual  cues  as  a  group  and  motion  cues  as  a  group  and  that 
the  pilot  would  allocate  attention  between  these  two  sets  of  cues  in  a  way 
that  would  minimize  the  objective  performance  cost.  A  similar  treatment  was 
adopted  for  roll  about  the  vertical  axis,  only  in  this  case  the  pilot  was 
assumed  to  obtain  no  cue  related  directly  to  plant  position,  and  zero  atten¬ 
tion  was  ascribed  to  this  variable.  The  model  for  static  tracking  was 


*  The  reader  is  directed  to  References  1-5  for  a  review  of  the  optimal' 
control  model  \and  its  treatment  of  motion  cues. 
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(a)  ROLL  AXIS  HORIZONTAL 
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Figure  4. 


Differences  Between  M.otion  and 
Static  Performance  Scores 


identical  for  the  pilot  in  the  upright  and  supine  positions.  Relative  atten¬ 
tions  of  0.5  and  0.2  to  motion  variables  were  predicted,  respectively,  for 
the  cases  of  tilt  cue  present  and  tilt  cue  absent. 


Table  I 

Nominal  Values  for  Pilot-Related  Model  Parameters 


.Motor  time  constant 


0.1  seconds 


Time  delay 

Driving  motor  noise/ 
signal  ratio 

Pseudo  mot(?r  noise/ 
signal  ratio 


0.2  seconds 
(negl igible) 

-35  dB.  relative 
to  control  variance 


Observation  noise/signal  -20  dB  relative  to 

ratio  for  *’full  attention'^  signal  variance 


Perceptual  threshold, 
indicator  displacement 

Perceptual  threshold, 
indicator  velocitv 


0.05  degrees 
visual  arc 

0.05  degrees/second 
visual  arc 


Figure  5  shows  that  the  model  correct  Iv  :^r-''dicted  many  of  the  detailed 
changes  in  nilor  response  behavior  induced  by  the  moving-base  simulation. 

For  roll  aboiit  the  horizontal,  the  model  showed  a  substantial  increase  in  low- 
frequencv  phase  shift,  a  small  decrease  in  amplitude  ratio,  and  a  decrease  in 
input-correlated  control  power  at  low  frequencies.  For  vertical-axis  roll, 
the  model  correctly  predicted  a  small  increasr^  in  low-frequency  phase  and, 
in  general,  no  appreciable  changes  in  other  f requency- response  measures. 

The  model  also  predicted  the  following  effects  that  were  not  observed 
exDerinientaily :  decreased  input-correlated  and  remnan t-related  control  power 

at  high  frequencies  for  horizontal-axis  roll,  and  increased  low-frequency 
remnant  powvr  for  roll  about  the  vertical.  Errors  in  predicting  the  effects 
of  motion  simulation  on  low-frequency  remnant  power  arose  primarily  from 
the  tendenev  of  thf?  model  to  predict  considerably  less  remnant  in  the  static 
case  than  was  observed  experimentally. 

The  subjects  used  in  these  experiments  were  instructed  only  to  minimize 
total  '*cost'*;  thev  were  not  instructed  as  co  the  desired  control  strategy. 

One  might,  therefore,  expect  the  subjects  to  have  adopted  strategies  differ¬ 
ent  from  that  predicted  by  the  model,  provided  such  non-optimal  behavior  had 
n._‘glible  effect  on  total  cost. 
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(a)  ROLL  AXIS  HORIZONTAL  lt>)  ROLL  AXIS  VERTICAL 


Figure  5.  Comparison  Between  Morsel  and  Experimental 

Frequency-Response ,  nominal  Parameter  Values 
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Selected  pi lot- related  paraneters  were  varied  to  determine  the  extent 
to  which  matching  errors  could  be  attributed  to  performance  insensitivity. 
Specifically,  time  delay  and  cost  weightings  were  modified  in  such  a  way  that 
total  cost  was  virtually  unchanged  (an  increase  of  less  than  3%.)  Figure  6a 
shows  that  the  ability  of  the  model  to  match  pilot  response  behavior  at  high 
frequencies  was  substantially  improved  by  this  procedure.  To  this  extent, 
differences  between  predicted  and  observed  measurements  can  be  attributed  to 
preference’*  of  the  type  that  does  not  noticeably  affect  performance. 

Errors  in  modeling  low- frequency  aspects  of  response  behavior  could 
not  be  attributable  to  pilot  ore  Terence,  however.  Low-- frequency  remnant 
power  for  static  tracking  was  matched  only  by  an  increase  in  observation 
noise  -  specifically,  noise  associated  with  perception  of  heading  error. 

The  match  to  low-frequency  phase  shift  for  the  motion  case  was  improved  by 
assuming  less  than  optimal  attention  to  motion  cues.  The  resulting  improve¬ 
ment  in  model-matching  capability  is  demonstrated  in  Figure  6h . 


DISCUSSION  OF  RESULTS 


The  results  of  this  stucy  indicate  that  a  simple  informational  analysis 
is  sufficient  to  accoijnt  for  much  of  the  influence  of  the  tilt  cue  in  tasks 
involving  roll-axis  motion.  Specifically,  one  assumes  that  the  pilot  direct¬ 
ly  perceives  the  bank  angle  of  the  (moving)  vehicle  if  the  tilt  cue  is  pres¬ 
ent;  otherwise,  this  element  is  omitted  from  the  pilot’s  ’‘display  vector”. 

The  remaining  mo tion- related  cues  or  roll  rate,  roll  acceleration,  and  roll 
acceleration  rate  ar*'*-'  assumed  iva'.  ;  't  .  sitcut;  uis. 

One  siiould  not  interpret  the  results  of  this  studv  as  indicating  that 
the  tilt  cue  will  generally  be  of  significance  irj  a  task  involving  roll-axis 
motions.  On  the  contrary,  tne  iegr-^e  to  which  the  tilt  cue  provides  usable 
infcrmation  to  the  pilot  denenfs  on  f’:e  rieta^s  of  the  tracking  task.  ("In 
fact,  considerable  p re-experi~'_'n ta  1  mod-.*]  anaivsis  was  required  to  design  an 
e:<perimental  task  in  which  per '"ormance  would  be  significantly  influenced  by 
the  nresence  or  absence  of  the  tilt  cue.) 

The  ’‘residua  •  noise”  of  ’5  ds-gre*-rs  associated  with  perception  of  the 
tilt  cue  is  not  to  be  interpreted  as  c  detection  thresiiold,  but  rather  as  a 
measure  of  uncertainty  associated  with  this  perceptual  variable  in  the  con¬ 
text  of  a  continuous  tracking  task.  Since  a  ’’residual  noise”  is  roughly 
equi*.  ileni  to  a  ’‘threshold”  o:  one- third  the  value  in  terms  of  the  optimal- 
control  pilot  model  [6],  the  rasidual  noise  of  15  degrees  is  consistent  with 
an  indifference  threshold  of  a*' out  5  degrees  recently  obtained  in  an  experi¬ 
ment  requiring  simultaneous  detection  of  tilt  and  continuous  roll-axis 
control  [7] . 

To  some  extent,  insensitivity  ..u  performance  to  pilot  resnonse  stra- 
tegv  appears  to  have  allowed  t''^e  svb'v^ts  to  ”trac:e”  ac.:e  I  era  t  iv-?n  score  for 
error  score  when  performing  the  tracki-g  cask  with  roll  morion  abo.ttr 


(a)  IMPROVED  MATCH 


(b)  BEST  MATCH 
Tim  I  TTTmr 


Figure  6.  Comparison  Between  MOdel  and  Experimental  Frequency 
Response,  Parameter  Values  Adjusted  for  Better  Match 
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horizontal  axis.  However,  performance  insensitivity  does  not  explain  the 
relatively  large  noise/signal  ratio  (equivalently,  low  attention)  associated 
with  perception  of  heading  error  in  the  fixed-base  tracking  task.  Increas¬ 
ing  this  parameter  from  the  nominal  -20  dB  to  -5  dB  to  provide  the  best 
match  to  the  experimental  results  increased  the  predicted  total  cost  bv 
about  20%  -  an  increase  too  large  to  ascribe  to  pilot  Indifference.  ' 

A  more  consistent  explanation  of  these  results  is  that  the  high  noise 
level  may  have  reflected  Increased  uncertainties  about  vehicle  response 
characteristics  caused  by  the  relatively  high  order  of  the  plant  dynamics 
(two  pure  integrations  plus  additional  lags  to  represent  the  dynamics  of  the 
rotating  simulator).  When  motion  cues  were  present,  the  controllers  mav 
have  obtained  sufficient  additional  information  about  the  state  of  the  con¬ 
trolled  plant  to  minimize  this  uncertainty;  hence,  the  ability  to  match 
moving-base  response  behavior  with  nominal  noise  levels.  Improved  modeling 
or  pilot  response  behavior  in  situations  involving  high-order  dynamics  is 
3  possible  area  for  future  research. 
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Sm^JRY 


Tne  aim  cf  this  research  was  tc  iiscever  the  basic  effects  cn  pilot  roll 
tracking  behavior,  performance,  and  impressions  for  several  types  cf  mcticn- 
reducing  logic  ('Vasheuts”)  used  in  meving-base  3L’irulat:rs.  It  was  a  .joint 
rogrsm  between  the  675c  Aerospace  Medical  Research  Labcratcry 
ranch)  and  Systems  Technology,  Inc. 

Tne  exneriments  were  performed  on  the  A-IRL  Dynaviic  Environment  Simulator 
(DES),  in  the  roll  degree  cf  freedom  only.  The  g-vecter  was  oriented  both 
normally  Cpilct  erect,  tilt  cue  present)  and  9C  deg  nose-up  (pilct  supine,  no 
tile  cue).  Washout  filters  included:  second  order,  first  order,  attenuated 
first  order,  attenuated,  and  static  (fixed  base). 

in  a  dogfight  scenario,  the  task  was  tc  fellow  the  target’s  roll  angle 
while  suppressing  g^ast  disturbances ,  The  two  Independent  inputs  (interleaved 
s’xm-cf- sines)-  enabled  identification  of  both  the  visual  and  motion  response 
oarameters  cf  the  pilct  by  the  STI  Model  Fitting  Program  (MiF? ’ .  A  12- 
parameter  multilccp  model  stracture  fitted  includes  separate  visual  and  roll 
motion  sensing  channels,  with  a  common  neuromuscular  actuator  block. 

Excellent  describing  function  and  performance  data  as  well  as  subjective 
impressions  were  obtained  cn  four  non-pilot  subjects,  each  well  trained  in 
the  “real-wcrld”  case  (f'jll  motion;  5-C  deg  ncse-up) .  .411  subjects  adopted 

the  same  behavioral  strategies  in  follcwi.ng  the  target  while  suppressing  the 
gijists,  and  the  MiF?-fitted  math  model  response  was  generally  within  one  **data 
symbol  width.” 

The  results  include  the  following; 

•  Comparisons  cf  full  roll  motion  (both  with  and  without  the 

sDuricus  gravity  tilt  cue)  witn  the  static  case.  These  metien 
cues  helD  suppress  disturbances  with  little  net  effect  on  the 
visual  perfcraance.  Tilt  cues  were  clearly  used  by  the  pilots 
but  gave  only  small  Improvement  in  tracking  errors. 
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•  The  optiraum  ^vashout  (in  terz^z  of  perf'.rmance  jlcse  tc  "real 
world/*  sL^dlar  behavioral  paranieterc,  cignif leant  metien 
attenuation  (6c  percent),  and  acceptable  nior.ic  n  "fidelity") 
was  the  combined  attenuation  and  first-order  washout. 

•  Various  trends  in  parameters  across  the  metien  conditions  were 
apparent,  and  are  discussed  with  respect  tc  a  comprehensive 
model  for  predicting  pilot  adaptation  tc  varicus  roll  motion 
cues. 

The  detailed  data  base  (spectra,  remnant,  describing  functions,  model 
fits  are  compiled  in  a  separate  dcc^ament  available  t.:  interested  researchers 
t h  r ..  ug /V'In L-  IM . 


INTHCDUCTION 


Objectives  and  Background 


-1  joint  e:rcerLmental/ analytical  effort  by  the  -ero* 
Laboratory  (A:^1RL/£M)  and  Systems  Technology,  Inc.  (iTI. 
define  a  pilot *s  use  cf  metien  cues  in  moving-base  sirm 
only  in  the  roll  degree  cf  freedom.  Tnis  situation  pr- 
intrinsically  spurious  r:ll  attitude  or  "tilt"  cue,  Ir 
duced  by  "washing  cut"  the  cab  motion  sc  the  cab  alway: 
upright  orientation,  although  this  distorts  the  trae  a: 
optimioaticn  cf  the  washout  dynamics  tc  achieve  the  be. 
r^a**  ~  "^tic  ^'”‘11  ^at e  ^ue o  o d  more  ' 


pace  Medical  Research 
was  conducted  tc 
lators  free  to  rotate 
vines  the  pilot  an 
is  effect  can  be  re¬ 
tends  to  return  to  an 
gular  motions.  Tne 
t  Compromise  between 


tant  facet  cf  the  Ltmediate  future  work 


be  dene  in  the  rO-lRL/nM  laboratory. 


beha' 

envi; 

rela' 


/V  1  w*. 


=  basic  objective  v;as  tc  detero.ine  what  form  ond  i 
achieves  the  nighect  simulation  realism,  while  en 
:r  of  the  pilot,  and  pr- ducing  the  corrost  perf.rm 
imental  stressors.  Longer  range  objectives  inclad 
cf  these  e:coeriments  with  other  ground-based  si 
0- flight  experiments. 


:ree  cf  •/.•asheut  iy- 
:r.derir.g  true-tc-life 

.Cr  Uue  wC 

the  possible  ccr- 
latic ns  and  later 


I:  accomplish  the  above  objectives  this  i  ’-’estigatim. 
basic  problems  in  meving-base  simulation:  the  use  -^f  motii 
in  the  actual  ("real  world”)  case  and  the  effects  cf  sour 
modifying  that  usage  in  the  simulator.  A  brief  examinati. 
task  involved  in  the  first  problem  is  useful  before  prcce 


>ad  t:  consider  two 
,  cues  by  the  pilot 
us  motion  cues  in 
cf  the  piloting 
Ing  tc  the  second. 


wings 

slmul 


nsider  a  situation  of  primary  interest  tc  the  A: 
—  and  focus  upon  the  pilot's  response  to  tne  ^ 
s  cf  motion.  Assume  that,  initially,  the  pilot 
h^se  cf  a  target  aircraft  that  ne  perceives  aga. 
vand  (no  horizon  visible).  In  this  "Impoverish* 
visually  perceive  cnly  the  difference  'error 


r  Force  —  air-tc-air 
,ynaolc  ( nc n- steady )  com  • 
nas  his  wings  lined  up 
not  a  muriv^'  cr  night-tlm 
d  display"  situation 
eoween  the  target ' s 
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a.  Regulate  (suppress)  disturbances,  e.g.,  due  to  gusts  or  swirls 
from  the  target’s  wingtip  vertices.  In  this  task  the  pilot’s 
role  is  to  reduce  motions,  and  if  he  suppresses  the  gusts 
with  small  error,  zhe  physical  motions  become  small. 

b.  Track  (fellow)  the  target  roll  motions  (e.g..  by  keeping  one’s 
wings  oarallel  with  the  target)  •  xn  this  task  the  pilot  s 
role  is  t:  produce  metiens,  and  if  he  tracks  with  small  errrr, 
the  physical  motions  become  larger  (approaching  the  target 
motions) . 


In  the  general  case,  where  both  inputs  are  present,  the  pilot  is  faced 
with  a  continual  conflict  between  reducing  disturbance  metien  and  producing 
correct  following  motions.  Tne  figure-of-merit  (at  least  in  air  combat  and 
landing  tasks)  is  primarily  low  loll  error  (and,  perhaps,  limited  roll  accel¬ 
eration  or  its  rough  equivalent  —  aileron  control  deflection) .  Bec-ise 
imiltiple  sensory  feedbacks  are  involved,  with  more  than  cne  input,  the  problem 
is  a  multilcop  cne,  and  this  greatly  complicates  the  control  system  analysis 


is  well  as  the  attempt 


nfer  the  pilot’s  behavioral  '’stricture*' 


oara- 


meters. 


will  be  demonstrate 


herein 


ACS 

cues,  suer 
tvt  have  e 
possible 
the  separ 
pendent  t 
leaved  in 
simultane 
will  be  sr 
fitted  in 
tives  of 
sensory  m-- 
here,  wne 
bandwidth 


,f  the  earlier  research  in  measuring  the  use  of  visual  and  metion 
:  as  that  of  btaplefcrd,  et  al  (Ref,  l)  and  Shirley  (Ref.  2\,  tended 
.ther  the  target  input  or  disturbance,  as  deminant.  such  that  the 
:ue  conflicts  were  minimized.  Staplefcrd.  et  al  were  able  t:  infer 
.te  visual  and  metien  pathway  dynamics  by  using  mathematically  inde- 
.rget  and  disturbance  inputs  comprising  sums-cf- sinusoids  inter- 
fre  riencv,  “^hen  interoclating  between  frecuenciec  to  S'lve  the 
:us  vector  ecuatiens  required  tc  untangle  the  Iccps  (this  process 
-.own  later  herein) .  However,  these  pioneering  results  were  net 
any  form  suitable  for  efficient  use.  Thus,  the  secondary  cb.jec- 
this  nregram  w'ere  tc  improve  the  reduction  and  analysis  of  multi- 
anual"  control  data,  and  to  structure  and  parameterize  the  results, 
e  the  target  fc Hewing  and  disturbance  motiens  were  comparable,  in 
and  amolitude,  o.ew  techniques  vrere  required. 


Such  a  situation  seems 
ooeratcr,  and  Levisen,  wcio 
cut  at  just  such  a  model  i: 
target  inputs  or  disturb an 
were  obtained.  Vnether  or 
is  valid  is  hard  t:  say  wi' 


natural  for  an  optimal  control  model  of  the  n.uman 
king  with  AI'!?.L  emperlmenters  has  put  forth  a  first- 
n  Refs.  3  and  d.  The  forcing  functions  were  either 
ces,  and  effects  similar  tc  Staplefcrd’ s  -vni  Shirley' 
net  their  (implicitly)  assumed  feedback  structure 
th:ut  more  data  on  the  ail  Important  dual- input  case 


treated  here. 


In  another  approach  Zacharias  (Ref.  5)  has  tackled  the  problem  cf  sensory 
conflict  cf  visual  and  vestibular  sensors  in  conjunction  with  reg’jlaticn  cf 
surely  visua.!,  purely  metion  or  conflicting  cue  situations,  and  has  speculated 
on  a  cue-ccrflict  rescl-ving  model  for  the  human  operator,  in  the  yaw--:niy 
degree  of  freedom.  Testing  the  validity  cf  such  cue-ccnflict-resclution 
approaches  as  these  requires  a  very  solid  data  base  to  exercise  one’s  m-del 
against,  and  this  is  stiii  largely  lacking.  In  light  cf  the  above  needs,  a 
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ORIGINAL  PAGK  IS 


ird 

ing 

le 

'jad 


'-'bj active  was  to  establish  a  very  scl-d 
innuts,  controlled  elements,  and  washouts  th 
and'  fairly  linear,  sc  that  future  valicaticn 
be  facilitated. 


-xprehensive  data  base, 
rwere  analytically  tract, 
f  cue-utilizaticn  models 


Scope 

.  .  +-ioi=i  *’'PT  Environmental  cimulatv^ 

Tc  meet  these  objectives,  _the  r-.Uing  a;-: 

=^3  eciDlcyed,  which  permits  pilot  rolling  ‘  (^iit 

t.S^-(4rmh  SDuricus  tilt  cues  present)  is  wexl  -  0 

csenr).  Details  are  given  later.  ^--amics,  sc  that 

■Irei^illy  designed  to  provide  strong  mcticr.-usx^e  ....fli^tx  -x 
oalv-tical  modeling. 


(DES) 


ilhcuts  to  fixed  base  were  i.ncludei.  ^  proposed, 

are  for  the  pilot's  use  vixua*^-.^.  'l^^^r.^neters  -riite  pre; 

.avelcoei  technioue  was  used  n-  - -  -  - 

,:‘.e  fre  ruency-bcmain  data. 

•4-*'^  <=‘xo)lai’'-*d  on  the  basis  ■ 
v;e  show  how  some  fonhions  for  target 

rerenoes  in  the  '-PParent  .?e  .ea-..  -  tr-„-  ^ 

=^.tu-bance  incuts,  despite  idenoxoxi  p.lc . -v.^- 


provide  scrcng  mcxxo-.-xx-s-  - - ;  _ 

"h  >''^^£in^  frcm  luu-.  mcoicn, 

Several  motion  cai^c..,  .  ^ 


Based  -n  pracr  work,  a  plausio-- 


3  hori- 
ues 
air- 
;tion 
es  were 
easy 
various 
.e  struc- 
i  a  newly 
i^ely  to 


:f  dif- 
either 


T-  -btain  reliable  measure.Tient3 ,  worth  ^i'^ting 
--derycdels  selected,  extremely  consistent  ?i-ct^o 

7as  obtained  by  a  ccrabiaaticn  of  y'^f^rveh'-'O 
•=  T^airly  well-defined  optimum  str^iuegy^  a..-  /e.y 


:y  the  relatively 
shavicr  is  necess: 


high- 
rv.  This 


.^rell- trained  subjects. 


^-esults  show  clear  answers  to  the  ouesti 
analyzed  with  respect  to  various 


.eters,  and  3c.mc  interesting _ trends  are  s'-jisy  -fij 
-r>  pleasures,  even  for  fairly  -•  ...c ^ 
’Ixh-tt'attemDt  to  interpret  these  covariations  in 
yco'eratcr  adaptation  to  pure  and  distcrtoa  mc.ic.- 


raised  earlier, 
Lavioral  'dynamic 
:he  piles  paramet 
."ertheless.  this 
terms  cf  an  ever 
feedbacks. 


para- 
ers  vs. 
report 
all  model 


£XFI?.I!®^TAL  DESIQII 


Approach 


Os  -ted  in  the  introduction,  there  were  twe  i 

■a -age  thbe  investigated;  ''real-world"  metis n  vs. ^  : 
-eal-s^crld  metier,  by  various  washout  fi-ters.  x.^.^^ 

schere  -radual  bank  angles  result  in  tranx-x.-c-  -- 
'.'.‘r  vertical  by  seat-of-the-pants  sr  ot.ner 

^  wlirtio  rclllne  pr=vld.d 

'at'r  -0  deg  nose  upward  sc  that  -ne  spur_^xs^-x  . 
full-mction'"at  JC  deg  inclined  roll  axis  c: 


acets  of  roll  moticn-cue 
nc-meuien  and  distertions  ci 
Che  actual  flight  case, 

‘  the  aircraft,  there  is  no 
vestibular  sensers.  A^set 
:  the  roll-axes  of  one  sinru- 
cues  v:ere  absent.  This 
.se  was  gio'en  the  mest 
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CRIGI^rAL  Pact  '■ 

^  '/-V'  - 

practice  and  became  the  ’'real-world"  reference  for  all  other  motion  cases.  By 
ccmoaring  it  with  the  static  case,  the  basic  effects  of  motion  were  revealed. 
To  check  effects  of  the  c:nflicts  between  target  following  vs.  disturbance 
regulation,  both  forcing  functions  were  given  alone  and  together  (dual  input) 
fcr  the  F9C  case.  If  the  iual  case  gave  similar  data  as  either  input  alone, 
then  the  dual  input  could  be  used  throughout,  with  consequent  savings  in  runs 
and  data  analysis. 

'The  washouts  in  roll-only  simulators  are  used  for  two  main  purposes,  a) 
to  reduce  the  tilt**cue3  (largely  a  low  frequency  effect)  and  b)  to  reduce  any 
cr  all  motions  ( acceleraticns,  rates,  displacements)  to  fit  into  a  limited 
caoability  slmalator,  always  with  a  horizontal  orientation  of  the  roll-axis. 
C:nsequently  the  effects  of  simulated  roll  only  motions  were  covered  by  the 

Q  deg  ro  — 1  axis  mclanaticn  and  various  washcutcj  —  all  selec— 
ted  to  give  substantial  reduction  in  roil  displacement. 

To  keep  the  number  :f  i^ins  within  bounds,  it  was  decided  tc  keep  constant 
the  olant^and  the  specfmums  of  forcing  functions;  and  to  try  only  cne  varia- 
ticr/of  each  washout  filter  scheme. 


Control  Task 


-  Block  Llagram  —  a  sc‘ 
problems  is  air-to-air  gu 
bat  maneuvers  take  place 
relatively  unlmpcrtaiit . 
ma 'v.cn  the  rco-l  a..gj.e  .  c  s 
fciicw  an  evasive  target 
a  crmpcnent  of  which  c:uu 
the  simulation  and  subse  r 
play  (error  only)  was  use 
bank  aoigle  err  r. 


.aric  with  high  face  validity  relevant  to  Air  Force 
ery.  In  a  modern  high  thrust/veight  fighter,  ccm- 
.  all  flight  path  angles,  hence  the  horizon  is 
,e  main  critericr.  fer  accurate  tail  cnase  is  to 

^  ^ V*  -  r  ’  r  ■  r*  +■  ' 

u... 

lie  at  the  same  time  he  may  be  buffeted  by  gusts, 
be  wing  tip  V'-^rtices  of  the  target.  I:  simplify 
:nt  modeling  and  interpretation,  a  ccmpensatcry  dis¬ 
and  the  subjects  were  instracted  tc  minimize  the 


Fig.  l-a  illustrate 
C:ntrclled  llement.  ac.d 
that  the  Motion  rath  se 
rath  senses  the  err:r  b 
’’names"  on  the  signals 
used  to  label  seme  pc we 
pert) . 


s  tr.e  basic  elements  inveived:  the  Human  Cperatcr. 

V.ashcut  dynamics.  The  multilccp  nature  is  evident  in 
nsec  physical  (inertial;  bank  angle  v;hile  the  Visual 
et^'.een  target  and  tasK  bank  angle.  (The  f;-ur-character 
in  Fig.  1  represent  the  Fourier  coefficients  and  are 
r  oiectra  and  describing  functions  later  in  this  re- 


ControUed  Element 

Tlie  controlled  element  (Sq.  1  on  Fig.  1-b)  represents  an  approximation  tc 
the  roll  dynamics  of  -a  fignter.  The  Roll  subsidence  mode,  having  a  time  con¬ 
stant  of  1/1.6  =  0.65  sec,  is  typical  of  a  leaded  fighter  (i.e.,  with-  extern 
stores'.  This  value  was  selected  as  it  would  require  a  significant  amount  c 
lead"" generation  by  the  p.l-'-t,  because  the  Crossover- Law  for  human  operator 
ecualizaticn  (e.g"^,  Ref',  p*  predicts  that  in  such  cases  the  ideal  pilot  lead 
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vvcuia  be  abciit  T^.  =  Tr^  ^  C.:-C.7  sec.  The  ’'otnactural  Mode'’  and  "DKS  lagc'* 
represent  tne  unavoidable  and  measured  response  characteristics  cf  the  DEP 
motion  simulator,  while  t’ne  ''Serve*'  Lag  represents  actuation  lags  of  a  (poov) 
aircraft  control  system.  It  was  raised  to  C.2  sec  to  prevent  excessive  accel¬ 
eration  or  rate  commands  to  the  DES  which  would  cause  its  drives  to  operate  in 
a  partly  saturated  (hence  nonlinear;  manner. 

Analysis  cf  this  controlled  element  shewed  that  it  requires  a  fairly 
tightly  constrained  pilot  equalization,  with  seme  lead  to  offset  the  roll- 
subsidence  lag,  but  not  too  much  or  else  the  stmctural  mode  and  lag  elements 
would  destabilize  the  system.  Thus,  there  was  a  clearly  cptLmum  control 
strategy  for  the  subjects  to  learn,  which  was  important  because  they  were 
not  experienced  pilots. 


Forcing  Functions 

,raas i-randem  target  and  disturbance  i^iputs  were  c  nstructed  from  eight 
sinus  ids  each  (Table  }) .  The  frequencies  were  selected  so  as  tr  have  an 
i-.iteger  nasboer  cf  cycles  in  tl:e  run  length  as  shcwii.  To  assure  statistically 
independent  inputs,  target  and  djstuz'bance  frequeircies  were  interleaved,  yet 
each  was  appr.  xiino.tely  evenly  spaced  on  a  i..g-frequency  plot.  After  tliese 
choices  were  made  the  amplitudes  were  "shaped*'  tc  simulate  a  random  noise 
process  that  w.  uld  result  from  white  ticise  being  filtered  by  the  shaping 
filter  l\rms  given  in  Table  1.  Finally,  tliese  "slriped  amplitudes’’  were 
scaled  sc  as  r.o  give  the  listed  rms  -ind  peaA  ampLimdv  values. 

The  target, ' s  shaping  filter  was  seieoted  to  simulate  a  Low  pass  spectrum 
ty  icai  of  a:;  evasive  target.  The  d  Isturbance'  s  stiaping  filter  was  selected 
s.  that  under  static’  '.'"nd !  *■ !  ops  ^and.  no  oiiapo.i  by  ihc  o.  ntin.aled- 

eiemt  o.t)  the  spectral  ^'ontent  and  im.o  values  wouhi  be  nearly  equ:il  to  that 
v.f  me  t.arget  ,  as  :me:i  .'m  the  error  d:  splay.  Thus  t.hc  pilot  could  not  use 
Input  frequency  properties  t  separate  target  ni,  tuns  from  disturbance  motions. 


>hiltilocp  Pilot  Model  and  Identification  Procedure 

.l-.alysis.  —  Tiie  measurement  problems  involved  iti  tne  multllcop  system  of 
Fig.  I -a  c:in  be  illustrated  by  examir:ing  the  task  errer  components  resulting 
from  target  and  disturbance  inputs,  shewn  in  Fig.  2. 

s tatic  case,  where  tiie  Motion  rath  is  inoperative: 
is>  error  veot.  r  frequency  respv->'ise  func* 'on)  becomes 
i  fc  r  e^' nvet: ;  e::ce ,  we  'o.ive  die  ppeii  the  argumetits 
nputs  'Old  transfer  fiuiothns;  F  •  =  !• ,  etc."'. 

F::uation  1  nos  be-rn  written  in  the  fv  rni  c-f  a  c.  nvent ; onai  single  .  p 
system,  v/herein  the  [  J  term  is  the  closed-loop  error- 1^:- input  describing 
function,  so  tiie  product  is  recognized  an,  tiie  .peti-L, op  describing 


First  ennsider  the 
M(j'i)  =  0.  Then  the 

given  by  ;-q.  in 
s  =  1,  In  eaoh:  f  tne  ; 
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TA3I^  1  .  FO:^CUG  FUNCTIONS  FCH  TUAL  IKIUT  NU 


TARGET 


Run  Len^ 


DI3TUR3AIICE 

(rms  =  lb  *  3.'-i  'i)* 

— — -  1  "r - - — 

d  ^secl 


C.19  1?' 

0.^"0  n 


Run  Lengt.h  (rnd/sec) 


c  0.5:-  I 


107  • 

l32  ; 

509  I 


U.10  i  -  7. 

I 

6-98  1  -1^-. 

I 

n.8!>  I  -2^. 


HAPING  FILTER  FORI-I 


1.38  ,  ^11, 


;10  !  15.72  !  -«n. 


fs  +0.^) 


Co)(-  + 


^  For  single  input  runs  t<ne  values  ;vere  increased  cy  yJ2:  ^ 
t  Run  length  =  165.34  sec 

rUncticri,  Grr,  for  purely  visual  feedbacks.  Recall  that  increasing  the  magni 
bude  cf  tracking  errors,  etc. 

Similarly,  in  h5rpcthetical  situations  where  the  operator  wculd  close  his 
ayes  and  operate  solely  on  motion  cues  (V  =  O) .  nne  cask  errors  wuld  be  giv 
oy  £c.  3  in  Fig.  2.  The  input  is  unaffected,  while  the  disturban.  ;es  are  sup 
pressed. 

NTien  both  visual  and  motion  paths  are  active  the  multilcop  relationships 
become  mere  complex,  but  can  still  be  written  sc  as  tr  reveal  the  effective 
oDened-lccp  dynamics  (similar  to  £qs.  2  and  5\  as  shewn  in  Iq.  New, 
however,  the  ’’opened- loop'’  describing  function  for  target  errors  Gt;  of^ 
hq.  '<-al  contains  the  closed-motion  loop  1  /  ^  1  ,  while  Gp  x.r  the  d-c>— 

turbance  errors  contain  the  sum  of  motion  and  visual  effects  (V  :-;w)Y^. 


Fcr  Mcticn  Only:  (Eyes  closed;  V  =  O) 


=  '  -  [tT^]  < 

Gpen-iocp  G'F:  G^r  for  Mcticn  Loop  alone 
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In  the  single  loop  cases  of  Eos.  2  and  5  a  high-gnln  (V  •  r  M',  reduces 
errors,  but  In  rhe  muitiic':?  case  tnere  is  a  c-  nf-ict: 

•  A  high-gain  mction  feedback  (large  M)  reduces  the  disturbance 
errors  via  i£qs.  4a  and  4c,  but  increases  the  target  errors 
via  4a  and  Ab. 

•  A  high-gain  visual  loop  (large  V)  reduces  both  error  ccmpcnents. 

•  The  cptiinum  strategy  (tc  minLoiize  a)  is  a  ccinplicated  function 

:i’  the  spectra  cf  I  and  as  well  as  rf  and 

Tnese  are  the  analytical  expressions  fcr  the  qualitative  mcticn/visual  cue 
conflict  mentioned  in  the  introduction.  Further,  rxtice  tnat  analytically 
■'ce-^ing  the  loco  fcr  either  target  cr  disturbance  inputs  will  give  inherent  ^ 
aoo’arent  "  uened- l.-ro'’  describing  functi.  ns  'Eqs.  '-b  vo._Ec  even  :vl-.r.  :denf. 
cai  V  and  M  operations  in  both  equations.  Tnis  has  led  in  ohe  pas^  tc  s..me 
nisinteroretaticn  cf  results  for  mostly- target  cr  mostly  disturbance  inputs. 

-i— liy  it  can  be  seen  that,  knowing  the  vehicle  and  washcut  d^mamics 
fY,  and  and  with  simultaneous  independent  inputs  I_ar.d  B  the  'ncepenae-.* 

.  f  the  visual  a:;d  mction  cperati-.;ns  (V  ana  are  thecre ^.c-lly 

oAsible  if  the  signals  are  net  confounded  with  noise.  The  temptation  to 
~-i-'ure  and  M  fr  m  static  and  aiction-cnly  runs,  respectively,  is  precluded 
bv  the  adaotive  nature  of  the  human  cperatcr.  In  general,  the  pilot  will 
adcot  different  parameter  values  fcr  nis  gains,  leads  and  lago^ic.  t...  a  ove 

•  .  ^  -*  .-car?  r“ar>.r.  n  r’  vil.'L  VC  .sr.rVr"'.  — 't  *■.  I T  . 

'3.O0C  C''^T.C  irCCl  -  - — .• 


_  The  criteria  fcr  selecting  the  nicd'^l 


Model  otructure  and  Parameters, 
structure  were  that  it  be: 

1  simnlest  form  caoable  cf  capturing  all  cf  the  significant 

frequency-loinair.  characteristics  cf  the  measured  data,  brtn 
with  and  without  mction. 

5  r-’ve  ccniDcnents  structurally  related  to  previously  well  known 
Asual-mctcr  elements,  such  as  neuromuscular  (IM)  and,  central- 
-erveus  system  (CMS)  ccmpcnents,  as  well  as  mction  sensing 
elements  from  afferent  vestibular  and  proprioceptive  signals. 

5.  Cc.mpatibie  with  prior  .manual-ccntrcl  models,  e.g.,  those  in 
r.ef.  p. 

p.  ..  5  details  the  assumed  pilot  model  structure  and  forms  fcr  the 
Vl,«al  aA  Mctlcn  paths  of  FIs.  2-  ««  and  dlsplhcen..,ht  .lan.ht.  in  the 

’’VISUAL  -RCCboSES”  grouD  are  used  to  generate  a  lej.a  time  constant  rt/ 

Kn)  which  Dilots  typically  adopt  tc  cancel  the  roU-subsidence  mode  in  the 
controlled' element  (Ref.  5).  The  "integral'-  term  is  sometimes  neeaed  to 
represent  tne  pilot's  trimming  actions  and  other  lew  frequency  behavior.  ^ 
(e.g..  the  so  called  "o.-effects"  in  the  Extended  Crossover  .-icdel  cf  Ref.  , 
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Rote 


Figure  3.  Assumed  Pilot  Model  for  Rcll-Cnly  Tracking 


The  extra  visual  time  delays  account  for  retinal  and  central  (e.g.,  rate) 
nrocessing  as  well  as  ccmputational  and  display  lags* 

The  tilt,  velocity  and  acceleration  terms  in  the  "MCTICN  PRCCESSES"  are 
the  simplest  possible  descriptors  cf  the  pilot’s  use  vf  pnysic.ai  bar.x  angle. 
These  are  not  intended  to  represent  motion  sensors  directly  although  the 
velocity  term  is  very  similar  tc  the  output  of  the  semicircular  canals  ever 
the  forcing  function  frequency  region.  The  tilt  angle  cue  is  actually 
due  to  the  lateral  specific  force  due  tc  the  tilted  g-vectcr. 

The  "ACTUATION  PRCCESSES"  include  a  time  delay  and  a  third  order  neuro¬ 
muscular  system,  the  latter  readily  simplified  tc  a  second  or  even  a  first 
order  approximation,  as  noted  in  the  figure  (e.g.,  for  a  second-order  system 
set  Tn  =  0,  whence  Aj  =  0,  Ag  =  and  A^  =  2rNy«5rj).  The  delay  terms  ty 

and  were  actually  modeled  as  first-order  Fade  polynomials,  and  by  breaking 
up  the  net  delays  into  twe  small  portions  the  Fade  roots  (at  2/t)  are  at 
sufficiently  high  frequency  to  give  an  excellent  fit  up  tc  ever  10  rad/sec. 
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and  Disturbance  inputs  are  independent.  Fcr  However  this 

sine  waves  this  means  that  there  can  be  no  ccmra.n  fret,uencies.  no 

n  th^  Hir--t  solution  for  the  unknowns  (V  and  .-O  since  the  ^p-nea 

rS  eirSll  M'-»not  be  evaluated  at  the  save  freouehcles .  This  dilemma 

i;fdeSTithh»  defs.  ,  and  T  "SlS^^nrS'cSJa- 

“  'Inire'iSity  S“i;  a™  ^dtoderv^tf  the  ttahsfet  fu»etic„.  are 

cies  in  the  is  used  where  specific  mcdel  forms  are 

s^:di“;  tLiiSratrs-s!.  paths  - 

Se%fap;“«iraSpS’m:^h'SeiL-^S^^ 

made  -  ^^1  m  ^el  Fitt^’ng  Program  (MFP;  described  belcw)  so  as  to  lit 

iSSacuslJ  tt;  ci4d  lcep'e?r,-r  “and  stlch  describing  function  responses 
to  the  Target  and  Disturbance  inputs. 

The  'T'’’  Model  Fitting  Program  was  developed  to  liw  -iign  crde.  multil-c^ 
mcdeS  t;  n-eguel.  ^d  ^ 

;S-'SaStS-Ptr»cS-5"thcns..^^^^^^^^ 

oarajneter  appears  caiy  in  Lue  .uac*j..v  ..x 

tnat  -  J  --  ^  -.w^h  na>-‘'^Teter  -^n  a‘-y  systein  resocnse  tc  any  input 

rnus,  the  iniluence  cl  ai-^fevence' between  mcdel  and  data 

available.  Ttie  ..c^ram  mi  ^  v-iri-tv  -f  steeoest  descent  techniques  tc 

transfer  f S^'ctL;.  is  evaluated  by  squaring  and 

minimize  a  cost  la.iCoi^n.  xi.i-s  v- -  .  .  ^>0.1...; 


e  in  the  real  ard  Imi^inary  parts  of  the  data 


j.rr.pl- ucit.-  A  -  iss--.  .•■•^  -  'iv,  ■aren'ent  case,  five  freauencies  cf  the  task  error" 

..nd  xcdel_  responses  and  five  of  a  linear  s^lm  cf 

tc-distaroance,^^!.  ^  -.mDi ;  r.ude-welgnting  was  tne  invein.e 

%%'e  d'-^t^'^magnitude,  thus  each  frequency  was  uniformly  represented  except 
•hat  the^highe^t  frequency  -f  the  stick-to-dlsturbance  was  weighted  1C  dB  xe.b. 

the  tar-^et  and  disturbance  are  sums  cf  sinusoids,  the  effective 
••cpened-Iolo"  expressions  in  Fo.  were  estimated  using  ratios  of  courier 

coefficients; 


a,  ( jto) 


2  -  I  at  Target  freauencies ,  <sr  (?) 

E  "  \VERR/ 


Gjj  (j») 


2C 

Ce 


_  (rz^ZIiS)  at  Disturbance  frequencie 
"  \  SERR  / 


(0 


vn  fvc.  f^ur  c'-racter  na.mes  PLI'IT.  VERR,  3TIK  and  SERR  are  defined  in  Fig.  1 
fnd  kfrbe  'ed't  identify  various  responses  in  the  remainder  cf  this  report. 


T-  -b.k  th-=.  accuracy  cf  this  procedure  an  analog  -au-opilot"  operation  cr 
T.  .......k  t-  =  mechanised  cn  the  DES  setup  nr.d  the 

thru  MFP.  Table  5  summarizes  the  results  of 


bi.th  task  error  • 
recorded  signals  were  prccessea 
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c  t- 


this  check,  using  the  forms  indio 
:i-:  t.,  :h^  net  pnusJ  ^ffojts 

uency  anti-aliasing  filter  la 
the  ”di‘.J.ed-in’*  c  mputer  set 
tive  parameters.  Generally  the  r 
t.  the  nominal,  such  that  a  trar.s 
meters  v:uld  be  iniist Lnguishab  I - 


.zed.  Tne  time  delay  shewn  is  an  apprexiraa- 
‘ii'-.us  o.ynna  eomputat_s,:i  arrays  anu 
:s.  Gome  errors  could  be  due  tc  the  fac 
ings  did  net  accuioately  represent  the  effeo- 
uovered  parameters  in  Taoie  3  are  quite  :lcse 
-r  function  plotted  from  the  reervered  para- 


Washeut  Dynamics 


In  addition  tc  the  static  (no  m. 
with  roll  axis  at  C  deg  inclination 
f:ur  different  washout  schemes  were 


case  3.nd  full-mcticn  cases 

and  ncse  up  9C  degrees,  ’*F9C’'; 


•  Purely  Attenuated,  "A”  where 
quencies  were  multiplied  by 


tne  pla-nt  motions  at  all  fre- 
:  in  cemmanding  the  DEG. 


First-Order,  "UT’;  where  the  l:w  frequency  met iens  are  attenu¬ 
ated  by  a  first-erder  high  pass  filter  of  the  form: 


■^75 


cf  0t< 


where 

=  high  frequency  gain  (near  1  .C) 

T  =  time  constant  ("break  frequency"  =  l/T) 

kith  tnis  Tvacncut  a  step  bank  angle  c.'rrnmand  returns  experLmentally  to  lervo 
with  a  time  constant  of  T  sec. 

•  Jirst-Crder,  Attenuated,  "Wl .A";  a  comb inat ion  cf  the  two  f,re- 
going  washouts,  with  different  gains  and  break  frequencies. 

•  oecond-Crder  "W2";  the  lew  frequency  terms  are  washed  cut  by 
second  order  high  pass  filter  cf  she  ferm 

2 


O  -  r  20i,s  +  .'i" 


se  * ' nds 

Tl:e 
reducti 
oa^^d 
second- 
terlseci 
=  C. 
sp:nse  ; 

creak  f; 


-  tne  bre.ak  frequency,  and 
'  =  the  damping  ratio  (typically 

-■n  '.i  sec  nd-rrder  washout  an  initial  step  bank  angle  returns  wich. 

with  an  •effective  delay  (t.:  half  arKplitude;?  -i'  (sr^'x':  " 


roan: 


r:ll  rate  Input  still  ends  up  at' zei 


oank  angle. 


a::d  DIS 
Ihe  act 
by  Che 
paramet 
ef  f ‘-jcti’ 
fre  :uen 
are  arr 


varicus  wajheut  parametero  were  -riginally  selected  to  nrcduce  a 

n  in  rms  roll  -implatude  t  ah  ut  neroer.t  f  t-'  •  f  ’"'* _ ^  - 

.  a  mcre-or-lesd  arbitrary  a  priori  ascunpticn  cf  a  tyA ..00* P',0, “O/U 
rder  clcsed-lccp  pil,  t-srnulatcr  response  to  roll  C'::rJTiand  A  Ihara 
a  ba.*„*vidth  oi  rad/seo  and  a  clcsed-1., n  dainoing  rati  f 
.  ..  i.t  .'.as  realizea  that  in  practice  tiie  pile  t  .tight  charge  his 
cr.aracteristics  for  different  wa.:,h,  ut,: .  but  thi,3  nr.  cedure  was  u  ed 
the  different  p.araneters  .:r.  a  :r..  re  rational  bahs  tha-'  (Ay 
reraencies  r.f  all  tne  wash  uts. 

:;-e  si-iiulaticn.  Inadvertent  pr.ble.Ti.:  with  mechanization  of  the  f-l’-e-- 
response  properties  slightly  .modified  the  intended  w.as.h-cut  djmlmicA 
.1  ^  re.ipcr.oe  properties  cl  the  w.asn 'us  plus  DIG  cembinatien  were  fitted 
appropriate  forms  cf  £qs.  "  and  S  and  the  effective  washeut-filter 
irs  were  e.xtracted.  These  are  .lummarized  i.n  Table  i.  Ni'-^'t  ~f  t''’‘=’ 
par-caeters  were  close  t-  the  intended  cnes.  exceot  fcTthe  Wl'hi-h 
:y  gam  wh_ch  was  1  .d  instead  of  tne  1  .C  desired.  In  Table  d  the  Ases 
i-.ged  in  order  of  decreasing  magnitude  cf  rms  ohysieal  r"!!  angle 
i--r  will  be  used  throughout  the  nresent-ations  to  follow  ' 


Measurements 

irehonsive  set  cf  measurements  v:ere  .made  in  an  atteir.nt. 
^3  Aae  pil>,' t  ’  3 'perr.rmance ,  behavior,  and  effort. 


1  f  *  “I 


i7b 


TABLr,  i;.  MOTION  CONDITIONS  AND  VASHOUT  DYNAMICS 


Case: 

^90 

W2 

Wl 

W] ,  A 

A 

ST 

Washout 

Ti'pe: 

’’Full 
Motion" 
at  90^ 

"Pull 
Motion" 
at  0° 

"Second 

Order" 

"First 

Order" 

"First 

Order, 

Attenuated" 

"Attenu¬ 

ated" 

"Static" 

High  Fre¬ 
quency  Gain 

1  ^ 

1  .0 

1  .2 

1  -C 

!  0.7 

0.53 

Break 

a!=  .85  r/s 

1.0  r/c 

•  he  r/s 

— 

— 

1 . 


j’g.rformance  Measures:  Overall  statistics 
Cl  all  signals,  with  emphasis  herein  rn- 
force  and  physical  rcll-angle  and  rates! 


(mean,  variance,  rms) 
tracking  error  stick 


t/j-  xiuciry 

^re  use- 


£2^pt  jjehavicr  Measures:  Describing  functions  are 
inaicatcrs  cf  pilct  behavior.  The  fitted  nar3neter-**-re  u- 
xal  icr  enccaing  efficiently  the  data,  but' the  actu-l'^m 
are  often  most  informative.  We  use  the  "cpened-locp"  desSib- 
function,  as  they  are  the  most  useful  a^d  in 
e.K?erience  cn  single  loop  systems. 


ferences  due  t  washouts.  Because  these  were  not  ^.xnerienJed 
;  ^^■'^‘P^fison  to  actual  flight  could  be  made':  instead 

rS'vS'-rS  -ith  thcse;4  ’ 

V  r^aa  W'^ria  case. 


APPARATUS  AW  PROCEDURES 


Apparatus 

The  experiment  was  performed  on  thp  .  r 

at  the  Aerospace  Medical  Research  Laborat  ry 

Base.  The  Dr.3  is  a  man-''^ated  centrifus-p  with  *  ’  j  ^  A^r  *orce 

control.  For  this  experiment  only  tS  roll  trS^r^S 
the  rcll-rate  limited  to  QC  deff/sec  and  th^  -r  n  was  used,  v/ith 

dag/„o2.  ae„  a„  no 

Within  the  cab,  the  subject  seat  was  mounted  such  th=.*  +v, 
rotation  was  roughly  through  the  subject held  cf 

right-side-mcunted  force  sticv  ,.=,1.4, cn  ohe  seat  wa.s  o  . 
that  when  the  roll  axis  was  90  deg  ncsruD  th-  traced,  sc 

over  the  stick.  ll.e  cab  conLinef  a^ccmS^leJ^geStet^df^^i^yr?!^! 


477 


which  wac  cem:ered  in  azi.r^uth  a  distance  cf  approximately  17  inches  from  the 
subject’s  eyes,  oubject’s  sitting  height  were  such  that  the  display  was  with¬ 
in  C  tc  1C  degrees  cf  eye  level.  The  ’’inside-rut”  display  of  target  tracking 
error  consisted  cf  a  3.5  inch  long  rotating  ’’target  wing”  whose  center  was 
cuperimpcsed  upon  a  stationary  horizontal  dashed  line  nine  inches  in  length. 

-•i  .25  inch  perpendicular  ”fin”  at  the  center  of  the  rotating  line  provided 
upri-ght  orientation. 


Figare  1.  Sketch  cf  the  Roll  Tracking  Display 

The  DE3  is  configured  such  that  the  pitch  gimbal  is  outside  cf  the  roll 
gLmbal.  Inus  it  is  possible  to<  pitch  the  sLciulatcr  nose  up  9C  degrees  without 
affecting  the  roll  axis  tracking  system.  Tne  cab  pitched  up  9C  degrees  was 
used  for  the  "real-world”  condition,  as  noted  earlier. 


Experimental  Procedure 

Four  healthy  college  students  between  lo  and  25  years  cf  age  were  used 
fcr  the  experiment.  None  were  experienced  pilots,  sc  extensive  training  was 
necessary.  Training  was  first  accomplished  for  the  static  and  two  Fall-Motion 
conditions.  Tracking  under  each  condition  was  considered  one  run.  Each  run 
lasted  165  sec  and  the  three  conditions  or  runs  were  presented  in  a  random 
:rder  each  day.  At  the  end  of  each  run,  subjects  were  presented  their  mean- 
scuared-error  score  for  that  run.  Training  continued  for  approximately  three 
weeks,  three  tc  six  runs  per  day,  at  which  time  error  scores  began  to  reach 
as.ymptctic  levels.  Cnee  performance  leveled  off,  four  mere  runs  per  subject 
per  condition  were  performed  and  time  history  data  was  recorded  for  subsequent 
analysis . 

For  the  second  part  of  the  study  in  which  we  investigated  washout  filter 

effects,  we  used  the  e^roerLmental  design  philosophy  stated  earlier _  that 

washout  filter  effects  should  be  compared  tc  the  ’’real-world”  motion  cues 
as  encountered  in  the  full  motion  nc-tilt-cue  case  (F90) .  Therefore  at  the 
start  of  the  evaluation  of  each  washout  filter,  we  let  each  subject  first 
track  in  the  F90  condition  for  one  day.  Following  this  we  had  each  subject 
track  normally  (roll  axis  at  G  deg)  with  a  given  washout  filter  for  three 
days,  four  runs  per  day.  The  last  four  runs  for  each  subject  with  the  vasheut 
filter  were  . saved  for  analysis.  The  procedure  was  fullcwed  for  each 

washout  filter  investigated.  As  in  the  first  part  of  the  study,  subjects  were 
told  their  scores  for  motivational  purposes. 


Data  CoUecticn 


4  hybrid  ccmputer  system  was  used  for:  display  generation,  icrcing 
ti-a  cSSi^.r on-line  error  score  ccmnutaticn,  and  time  hist.^y_data^ccnec- 
tir'o  Frcn  the  tLme  history  data,  rcct-mean-squared  varaes  ana  .-ast  N  urio. 

to^h-mriFFfl  S  each  ti-L  slsr.al  ■•■ere  cc^.d.  Frr.  tF.o  FFE'd  pcvdr 
S^i^rde'hties  o-.d  rp=ded-lc.p  dedcrlblne  tactions  ”] 

usre  cciriiuted.  The  frecdsncy  response  data  redaction,  cased  ups.  -f 

sta  vSis  seneratl-s.  aas  stellar  t;  that  eapl.yed  in  a  prec.dins  stuCe 

(Ref.  ?)• 

Cemparis-ns  among  individual  data  sho:wed  grod  c  ^isistency.  nee  sufficie 
training  had  occurred.  Therefo.-ra,  *- 

runs  of  every  subject  were  aver, t^ea  ‘  ^  ^  '  .^,,eraged 

Standard  deviaticn  values  fer  xc^el  x x voting 
data  that  are  analyzed  in  the  fcll:v;ing  section  cn  :Ae:.ua.o. 


RESULTS 

^  Vimvp  'f  ail  the  reduced  and 

^  haired  ■’nace  oreciuaes  t:.e  nre.,^^-L^uXv ..  x  .  ,  .  ^ 

tire  hi^st  ries  fer  cn-  suoject. 

averaged  data,  tns^ead  we  or-oo..'c  -a...-  ..,  t 

o.v.^r-'-D'ed  see 'tra  and  describir.g  funomions  i.r  x  -yt-.-  ■“'  *  -•  ••  ^ 

S^e'rdemcnscrating  that  the  fitted  transfer  fxnctions  truly  represen^...^^^ 
data,  we  present  tne  ...enea--.  vP  .o*.  ^^x  ^  th: 

i-.a -T T  "■  :  cTi*  mz'in.  e  a. .a  bon-ve  r*.  -  i-^- 

Intrcducti:T.. 


T^^icai  Time  History 


oc.nding  segr.ents 


nlcts.  Ldenti.  :ai 


A ere  usee 


iries  :f 

tne  " 

73iricU3  inp' 

uts  :: 

a i c  and  i 

'uli-: 

rrrl.n  rans 

? 

Larger,  a 

;d  dl. 

s*:urban  le  1 

npu^. 

rc  revea 

.  the 

difference 

.;  m  : 

.:t.  rlee 

dxul 

d  be  Hi' ted: 

input;, 

vhich 

is  summed 

d..\%ri. 

■n  to'  the 

same 

scale)  is 

effe^ 

dynamics 

y 

leld  roll  1 

,  X  . 

.Yeexuency 

tc  t 

he  target  i 

Input 

;*ase  the 

rcll 

angle  does 

net 

Iven  ;.n  r 
'  p  a  lid 
•ieariy. 


oiit;  cjociwj.>-  w.  -  -  -  w  T  .  X  X. 

very  well,  because  cf  these  simultaneous,  large  disturba. 
inputs . 

•  ^  tii  TT*  o  ^  V*  o  T  i '  i!*  1  * ^  k  .  i-  V-  C,  C- '  o  ^  **•-* 

■  n  ri  tac  ^  lk  l  — 

cnlv'the  visually  disolayed  error  can  be  used,  shews _tna 

the  pilot  is  using  btth  error  displaceme.nt  ana  rate  in  .. 

ccrr.nensating  c  ntrol  actions. 


OWGmALPAGtte 

OF  POOR 
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Figure  t)*  Typical  Time  IliGtc-rieu  with  li  -  Tul  1 -!A  l.i (>1 


•  Ccmparing  the  moticn  case  to  the  static  case,  the  ccntnl 
response  is  obviously  a  cicre  •Aggre.:s:vc  'ind  higher  band¬ 
width  (due  to  ncticn  cues),  while  the  tracking  err-.r  is 
reduced, 

•  (Net  shewn)  Tiiere  is  a  remarkable  consistency  in  the  o, 

E  and  C  traces  fer  repeated  portions  :f  the  same  inputs, 
shewing  a  highly  input- coherent  and  ? insistent  eperat  r 
response,  as  will  be  showT.  by  the  reduced  data,  later. 


Frecuency-Bcmain  Data 

Examination  of  the  individual  err.r  oonres  and  cl:sed-l,cp  describing 
functions  showed  that  each  cf  the  subjects  adopted  similar  bebiavicr  and  s: 
the  results  c;.uld  be  validl;^'  a^^^eraged.  without  loss  :f  significant  details  in 
the  average,  Tlius ,  approximately  f.ur  rons  eaon  f.ur  subjects  xcere  aver¬ 
aged  for  the  data  shown  (a  few  rans  were  dr'pped  due  t  data  or- blems*' ,  The 
data  shown  here  for  the  Full  Motion  Case  with  r'll  a:ois  at  C  degrees  ^FC  ‘  is 
genuinely  typical  cf  all  the  cases  i::vestiga-^ed  and  was  n.  t  selected  as  the 
best- example 3  available. 

Epectra.  —  Figure  6  shews  pswer  spectra  f  r  the  ’ontr:l  stick,  displayed 
error,  and  aircraft  banx  angle,  Tlie  remnant  sn.-wu  (pi.,  tted  at  fircing  func¬ 
tion  frequencies  by  the  X  siyr.bols)  is  actually  an.  ;iverage  over  neighboring 
(nsn-  ver-applng'  e:M::..mes.  Ihe  nm  .  oc  .na  uevl  j:..an  f .  r  ..-.g- 

nal  campenents  indicate  that  all  subjects  had  essentially  the  same,  i:w  vari¬ 
ability,  behavior.  The  signal-t^-noise  ratio  is  quite  g,::d  at  all  but  the 
very  highest  frequencies  and  implies  a  high  cunerency  between  tne  tvo:  inputs 
and  responses.  This  permits  the  maj .r  part  f  the  responses  t;  be  described 
by  linearised  describing  functirns,  N.:  iice  tno.t  tiie  spectrum  of 
is  large  at  lew  target  frequencies  (to  f'llcv;  txie  target)  while  its  spectrum 
at  lew  disturbance  x'requencies  (^)  is  ]..:wer.  as  desired. 

Closed- Loop  Describing  Functions,  —  Figure  illustrates  t\*pica^  ciosed- 
lo'cp  describing  fun c t i c n  data  ( t ^  wh i oh  toie  mndeL  was  fitted  by  the  MFF  pr: - 
cedure  described  earlier'  for  t'^e  c -ntr^l  stic.<  ouid  task  err'r  resp'nses  t: 
target  and  disturbance  inputs.  The  frequencies  used  in  the  .model  fits  are 
indicated  by  the  arr  ws  la'^eled  'Tltted  Frees”.  Not  all  data  points  were 
used  for  c  mputaticnal  ec  .nomy.  prei '.mlr.ary  an.aiysls  indi?aoei  thac  on.e 
selected  frequency  resprnse  points  were  the  mr.'t  sen.^vtive  indo'-ators  -f  pllrt 
behavior. 

Generally,  the  clcsed-lcop  data  exhibit  ver^'-  Icw'  variability  and  he  m:iel 
fits  capture  every  nuance  cf  all  the  responses,  using  one  set  :,f  m-d^'  .  para¬ 
meters  and  the  various  closed- loop  relationships  (c.g.,  in  Fig.  2).  Tne 
wiggles  in  the  describing  functions  due  to  vari.us  lew-damped  modes,  would 
greatly’  complicate  simple  interpclaticno  between  target.  ■f‘>-»-^qv.encies  to  ;bt-aiOi 
vectors  at  disturbance  frequencies,  as  dene  by  earlier  investigators  'F.efs, 

Model  Fits.  —  Table  p  summarises  the  mclel  p.arao.coter'^  fit  t:  the  d:ta  for 
all  dual- input  cases.  Cnly  nine  of  the  twelve  parameters  in  Fig.  3  were 


48.1 


^STIK 

(dB) 

(lb)2 


'^’VERR 

(deg)2 


‘^^PLNT 

{deg)2 


Frequency  (red /sec) 


Figure  6.  Typical  Power  Spectra  for  Full  Motion,  Erect  (Case  FO) 
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TARGET  INPUT 


DISTURBANCE  INPUT 


TABLt:  •>.  ;U)!.lI-lAi'>'ir  OF  MODKF,  F-'-!<AJ'.KTF!<;'  FIT  T('  DATA 


8 


needed,  as  prelLninary  fits  shewed  that  a  second  ord-r  fit  was  sufficient  for 
the  neuromuscular  mode  ' =  C)  and  there  appeared  tc  be  no  error  integrating 
action  (Kr  =  ?x  =  C) .  Lach  of  Ki  and  ?t  the  so  called  a-effect  in  the  Exten¬ 
ded  Crossover  Model)  may  have  been  due  tc  presence  of  the  tilt  cue  in  the 
motion  cases  with  roll  axis  -t  v  deg,  ou':  iis  ansenc*-  'it  and  Itati?  con- 
dioiens  is  unusual. 


The  addit 
in  the  visual 
muscular  path 
nearly  double 
sensitivity, 


ional  columns  :n  Table  J  detail  the  effe.-tive  lead  time  constant 
path  ;Tl  ""  effective  time  delay  In  the  neurc- 

( Te  =  **^1 •  -ote  that  the  visual  displacement  gain,  Kp, 


s  when  going  x’rrm  Static  tc  any  Motion  c' nditicn.  and  the  tilt 
Kt.  is  negligible  for  the  F9C  case,  as  ii  should  be,  since  no 


tilt  cue  is  available. 


Cpened-Locp  Describing  Junctions.  —  A  number  of  •  ther  trends  and  co¬ 
variations  among  parameters  are  evident:  however ,  thc^e  effe'^ts  can  best  be 
Lllustrated  by  using  the  ’’cpened-lccp”  responses  calculated  using  the  measured 
closed-lccp  data  along  with  the  loop  structure  of  Fig.  2  or  the  parameters  in 
Table  5  with  the  model  of  rigs.  2  and  5.  Figure  ^  sh-.-ws  the  resulting  '’opened 
loop”  data  and  computed  :acdel  curve  for  tne  Voti  n,  '-C:  Case. 

tne  closed  loop  responses  the  model  curve  fits  the  actual  ”,  pened-l.  op”  dar.o 

very  well  _  it  truly  represents  the  data.  These  data  and  fits  for  this 

example  are  t.>’^ical;  i.e.,  tne  otner  cases  shew  effects  similar  in  hind, 
differing  only  in  degree.  Tnus,  cemparisens  xmeng  cases  can  be  made  using 
the  curve  fits,  as  we  will  d:  in  the  remainder  of  th:.:  paper. 


These  multiple  *apened-i.  p” 
ante  and  sign  I  lie  an  se  k.i'  si::g_e 
jrlptive  p-raneters  -ppiy.  :te 
ceaow: 

=  "unstable  frequency”  (icG  deg  phase  err  s sever"' .  This 
sets  the  maximum  bandwidth  of  the  loop,  and  is  the 
frecuency  at  which  oscillaticns  sot  in  if  ^he  gain 
were  further  increased  by  ily  dB. 

^  "cressever  frequency”  (O  dB  gain  crossover').  This 
sets  the  effe-'tive  bandwidth  of  the  Iccp,  and  deter¬ 
mines  the  resulting  stability  margins. 

-  ”g-i"  margin”  —  allowable  gain  increase  fer  incipi¬ 

ent  Iccp  instability. 


tv  =  ’’phase  margin”  —  allcwable  phase  lag  icr  incipient 
loop  instability. 

In  Fig.  3,  ir  is  apparent  that  the  disturbance  Iccp  fdeminated  by  the  metien 
pathway)  has  a  higher  bandwidth  and  lower  phase  margin  than  the  target  loop 
>domI.nated  by  the  v.sua.!  pathways  Tnis  implies  lower  tracking  errors,  as 
will  be  shewn  later. 
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B.  Typical  Effective  "Opened  Loop"  Data  and  Model  Curve 
for  Full  Motion,  Erect  (Dual  Input,  Case  FO) 


436 


The  kinks  in  the  dashed  "asymptctes”  Ln  "i/T  3 
downwards)  and  zeroes  (break  upward)  of  the  rodel 

add  -.de  x.-dd"- 

fwrent  asymptotes  in  each  "opened- Loop." 


show  the  pries  'break 
The  need  for  the  rela- 
ciearly  shown  by  the 
-'s  as  well  as  the  dif- 


ffects  of  Full  Motion  vs.  static  Conditions 

“fs  r-o 

(D'  and  Target  (T)  Ir.puta  are  e'ane^tS;  o!  from  DUtnrbanee 

spectra,  design  objective  ,e„tic™f eSfe“°  ‘-"'W' 

-  one  .uix  Met  u:n  at  9C 


^Taenticned  earlie 
U90)  oaoe  the  target  errors  (T)  are  the  - 


-ane  as  for 


static  cab,  while  the 


disturbance  errors  (D)  are  much  smaller'  rr-'n  r  -  'T. - 

''  '^®S  <^ase  shews  that  the  ■•Motion,  at  Qc  deg 

s.igntly  while  the  disturbance  errors  ar;''uncho;iged?“^ 

These  oasic  trends  in  the  tracking 

changes  in  the  opened-locp  describing  fu.;;-'V;r*"n-.;''’®.  by  the 

one  Target  Input  DFs  the  Supine  and  -"ig.  U.  -or 

essentially  the  same  DF  (which  res^S  in''-''''"!''  chew 

whereas  the  irect  case  (with  the  raaximim  +  .''ame  target  following  errors) 
For  the  Disturbance  Input  DF  both  mot-ic-T'  ^  smaller  target  er-r-v. 

which  explains  why  sheir  "D"  ermnen^nt^-'' verl"-n.  ‘  CF, 

Furthermore,  the  "Rate  Cue  Effect" '(lowerSrn  TJf? 

over  Irequencies  with  motion)  lead-^  f-th-  I-  to  nigher  cress- 

dencted  by  the  arrows.  Thus  Figs.'^o  and  K'"-h^'^"{h^f Performance  effects 
cues  to  improve  performance  in  two  main  ways"  subjects  used  motion 

•  The  lower  lags  <and  higher  axi)  permitted  bv  th- 
senscry-motor  loop  enables,  in  effect  "Lr 

dlbbubb.„ee  -gbidtlon tort:  ie“"f  L-’-  r;:;®  “ 

turbance  variance  In  (Itidttn'crt!"""- 

otnetttetetl  I'  ‘ 

ahootn,  the  effectn  ttrtr.t  t 

reductirn  tn  the  target  "cpened-lcop"  -"cquency  phase 

Co^ponentn  of  the  IduitHoo,  Denorlhlng  Ti,„otlcn  Under  «„ti,o 

^^y  be  gained  inf/-'  t 

actions  and  motion  effects  via  Fig.  n'  in  ---biloop  inter- 

’=°P  structure  and  equations  of  Fig.'*  2, 


used,  via  the 


sach 
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a)  ROLL  ANGLE 


b)  TASK  ERROR 

Variance 


Legend*. 

F90  =  Full  Motion,Supine  ;  FO  =  Full  Motion, Erect;  ST  =  Sta  ic 
Components  due  to  :  T  *  Target .  D  -  Disturbance .  R  =  Remnant 
Average  of  4  Ss ,  ^  Runs  Eoch 

Figure  9.  Effects  of  Full  Motion  (Supine,  Erect)  and 
Static  Cases  on  Performance 
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— 

FO 

Full  Motion ,  Erect 

ST 
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Figure  10.  Fffect  cf  Motion  Cueo  on  "Opened  Loco" 
Describing  Functions  (Dual  Input  Cases) 
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sensory  loop  individually  (visual  =  dashed,  rr.cticn  =  dotted^  with  the  ether 
simply  turned  off,  and  then  the  combined  ’*opened-loop"  (solid  line)  as  dis¬ 
cussed  earlier  in  Section  II-C.  Remember  that  the  '’opened- loop*’  DF  is  a  com¬ 
plex  vector  function  of  V  and  M,  as  noted  in  the  legend. 

Without  going  into  details,  the  key  points  revealed  by  Fig.  11  are  as 
follows : 


•  The  Disturbance  Input  loop  (on  r:ght)  is  a  simple  vector  sum 

of  VYc  and  MY-*  flat  amplitude  of  the  motion  loop  (dotted) 

shews  that  acts  like  a  roll-rate  feedback  loco  with  an  effec¬ 
tive  time  delay,  Te,  appreciably  less  than  the  visual  loop  ( I'cr 

'^e  =  ^  053).  ever  the 

important  crossover  frequency  region  of  C.5-i.C  r/s,  their  vec¬ 
tor  sum  (solid)  has  an  apparent  even  less  than  MY-  alone! 

This  is  consistent  with  and  "explains"  the  results  of  otaplefcrd 
[Ref.  l)  and  Shirley  (Ref,  2). 

•  At  low  frequencies  the  Disturbance  regulation  (solid)  is 
dominated  by  (closest  to)  the  visual  loop  at  low  frequencies 
and  motion  Icc?  at  high  frequencies. 

•  The  Target  following  loop  (on  the  .left)  is  a  more  complex 
function  of  VY^  and  MYp  as  seen  in  the  equations  in  the  box. 

(The  motion  cemponent  (1  +  YcM)"’*'  is  shewn  dash-dotted  to 
distinguish  it  from  Y.Jl  alone.  Here,  the  solid  curve  is  the 
vector  product  cf  the  two  components).  In  both  amplicude 
and  phase,  the  Target  fcllcwing  Iccu  dynamics  are  dcmlnated 
by  the  visual  loop  (dashed)  at  all  frequencies. 

•  A  comparison  (not  shown  here)  cf  the  purely  visual  static 

case  per  se  (dotted  cur-ze  of  previous  Fig.  IO)  and  the 
isolated  VY,.  flashed  curve  of  Fig.  11 )  shews  that  they 
are  not  the  same.  When  motion  is  present,  the  visual 
loop  can  be  (and  is)  operated  at  higher  gains,  albeit 
with  a  slightly  larger  lead  equalization  (Tl)  and  con¬ 
sequently  larger  xe-  (Per  Table  5,  =  C.89  sec  and 

Te  =  0.23  sec  for  the  ST  case;  while  Tl  =  O.5U  sec  and 
xZ  =  0.20  +  =  0.55  sec  for  the  FC  Case'. 

This  analysis  cf  Fig.  11,  and  ethers  like  it.  clearly  shews  that  one  can¬ 
not  simply  add  a  motion  feedback  loop  to  the  static  case  dynamics  to  get  the 
combined  result.  Instead  the  operator  optimizes  his  combined  loop  properties 
for  the  case  at  hand. 


Effects  of  Single  vs.  Dual  Forcing  Functions 


For  some  Full  Motion  cases  (F9C,  FO) ,  data  were  taken  for  Target  input 
alone;  and  for  Case  Disturbance  input  alcne,  to  compare  with  tne  dual 

inout^ase.  \'Jhen  either  input  was  used  alone,  it  was  increased  by  the  squar 
rcot-cf-tw<-.  to  keep  the  rms  input  the  ssme  as  in  the  dual  input  case. 
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In  general  one  might  e:<pect  that  if  the  disturbance  alone  were  present, 
the  pilot  would  adopt  a  different  optimum  behavior,  because  all  he  would  have 
to  do  is  to  suppress  both  the  felt  and  seen  motions*  Conversely,  for  the  tar¬ 
get  alone,  the  pilot  might  more  agressively  track  the  error,  because  the  un¬ 
seen  disturbances  were  absent. 

The  results,  shown  in  the  opened- loop  describing  functions  in  Fig.  12,  did 
not  follow  these  expectations!  For  simplicity,  the  curve  in  Fig.  12  is  that 
fitted  to  the  corresponding  dual  input  case,  for  which  it  passed  precisely 
thru  every  data  point  on  both  sets  of  DF  (e.g.,  see  Fig.  8).  The  single-input 
data  are  shown  relative  to  this  dual-input  curve  in  Fig.  12,  remembering  that 
each  of  the  data  plots  represents  a  different  set  of  runs.  Somewhat  to  our 
surprise,  the  single  input  data  are  not  significantly  different  from  the  dual 
input  case,  for  the  points  generally  lie  within  one  symbol  width  of  the  curve 
and  almost  all  lie  well  within  ±  1  standard  deviation  of  the  dual- input  curve. 

How  can  this  be,  in  the  light  of  the  theoretical  expectations  discussed 
above,  ccnsidering  that  all  pilots  were  given  plenty  of  practice  on  every 
case,  ana  noting  that  all  behaved  similarly  (evidenced  by  the  low  scatter)? 

Some  hypotheses  are: 

•  The  ’’optimum’*  behavior  was,  perhaps  fortuitously,  nearly 
identical  for  the  single  and  dual  input  cases.  The  combina¬ 
tion  of  lightly  damped  modes  in  the  controlled  element  near 
the  neuromuscular  modes  plus  stick  lags  has  been  identified 
as  the  so-called  ’’Pilot  Induced  Cscillaticn  Syndrome”  of 
Ref.  S.  These  restrict  the  degree  of  equalization  which 

can  be  used  by  the  pilot  to  improve  performance.  Consequently, 
he  may  be  operating  near  this  constrained  limit  in  all  cases, 

•  The  pilots  were  sc  overtrained  in  the  dual  case  that  they  did 
not  adapt  ’’optimum”  behavior  in  the  single  input  cases  despite 
plenty  of  practice  with  it.  If  sc,  this  raises  questions 
with  respect  tc  the  assumption  that  pilots  adopt  an  '’optimum” 
behavior. 

•  There  was  some  error  in  the  experiment,  such  that  dual  inputs 
were  really  present.  We  checked  this  and  verified  that  only 
the  specified  single  input  spectra  and  rms  signals  were  present. 

Here  is  an  ideal,  simple  test  case  against  which  to  valMate  the  cptimal 
adaptation  models  (e.g.,  Ref.  4).  The  inputs  are  analytically  tractable,  the 
good  model  fits  show  that  the  data  are  representable  by  linear,  mcdest-crder 
state  equations,  and  the  data  are  precise,  have  high  signal- to-noise,  and  are 
internally  self  consistent.  Such  a  validation  remains  as  a  future  task. 

Meanwhile,  this  result  torxtatively  implies  llial  the:  dual-inpuL  results 
should  apply  to  the  single  input  situations,  if  the  inputs  and  ccntrclled 
elements  are  similar  to  those  used  herein. 


Phase  (f^eg)  Amplit 


Effects 


of  Motion  Shaping  (Washouts) 


nupsticii  —  that  zf  basic  mcticn 

-av^rg  oresented  the  results  on  cur  ..rst  the  of- 

efterts  vs.'nc  motlcn,  aa  t«m  "f  aiid/cr  vsshou-.s!?  Far  *1= 

Sts  ct  varlcas  .oticn,  "aO^P;”?' S‘”  cases,  all  .ltd  sell 

purpese,  the  d„ta  w  ^  ^r^er  a-reas-  g 

a:<i3  hcrizcntai,  i.e.,  *u,  'j 

ered  rcii  angle . 


Figure  T5_3hcws  various  perf  -rm^cenea^^^^^  ^ 


Figure  1 5  ,  (measured  physical)  roll  angle,  s.ncwn  a. 

first  the  variance  ,1  r-c,-vc-  ^  ,  t-tvatiis  -f  the  ccmponent,s  due  oo  targe 

the  upper  left,  each  case  --f  ^ a;e  the  variances  fer  the  targe 


the  up^er  left,  each  case  ^he  variances  fer  the  target 

disturbance  and  remnant,  f  Ideally,  the  recovered  variance  would 

(  cr  disturbance)  a — ne,  and  .  Cpniial  t-  a.  i,  attenuates  cy  tne  mcti-.n 

-'nsist  '-f  only  the  target  cempenent  (  .  .  nlv+  =  rns  It  ray  be  recalled 

;,S  S  .aslu-O  »d  r.c  f  Id  Is  wprsscasd,  in 

nc.  F?6.  9  tnst  i;.':;;;.  r):.)ds,  .dlls  ids  ai.turo.-nc. 

th  t  the  target  cc.r.p.n-it  *  s,,„3  -  r  that, 

and  remnant  pcrti.ns  were  sma.l  fr^c.^^no 

4-vt^  -f  varicus  varih- 

Sdssn  standards  in  ni«d  S  i)(  ti  i«rall  sedexe 

;"f;c  select  different  ;f  percent  if  tde 

Stf^)o)lSr()):.:‘Se";)llvarianoeof./Ocf^^- 

dashed)  «et._near.i-  usual  -  ^  ,.,atrcl  force)  implying  a  close 

measures  in  rig.  i?  T-.t  =  rn  ^-op  b-^havior  in  th  .  basic  and  ATT  cases, 

matching  of  the  visual  and  mct.cn-l..p  b  nav. 
despite  the  lower  magnituae  .f  m. .  m  . 


t-  V,  „t  fW'’^  'whicn  ^rveatiy  attenuates  the  lowest  frequen- 
The  Sec-nd  Order  ^asheut  (  -  cu^c-°(oe-  the  subjective  ouesticnnaire ; 

--.lysi.  of  tdese  resets  snc.e 

that  this  was  due  t  tr.e  fcil.w.ng  rea.c*.-. 
a.  fne  .asdcut  .as^e 

frequency  ^nd  high  frequency,porticns  of  the 

"u  ZirrorSe.’l-'i;  l„cn..!ed  dy  (i.P)-  -  i relate,, 
to  the  intended  case. 


*  The  DBS  is  a  velocity  3:^tam  SfdevisL  that  approximated 

the  Sirfd'^^ascairSh-lt'blt'a  perfect  match  at  b  th  high  and  lew  frequen- 
cieo  was  not  possioae. 
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ORIGINAL 
OF  POOR  QUALITY 


o)  RECOVERED  ROLL  ANGLE 


b)  ROLL  TRACKING  cRROR 


Vorionce 


RMS 


c)  RECOVERED  ROLL  RATE 


d) CONTROL  FORCE 


Legend: 


FO  *  Full  Motion , Erect ;  W2  =  Second-Order  Woshout, 

Wl  s  First-Order  Washout,  WIA  =  First-Order  Attenuated, 
ATT  =  Attenuated 

Components  due  to :  T  =  Torget ,  D  =  Disturbance,  R=  Remnant 
Average  of  4  Ss  ,  4  Runs  Each 

Solid  =  Recovered  Motions  ^  Dashed  =  Computed  for  Tosk 


b.  The  distortion  cf  the  felt  motions  relative  to  the  visual 
motions  caused  th-.  pilots  to  perform  even  worse  than  in  the 
static  case. 

Tne  other  washouts  were  intermediate  in  recovered  motion  and  plant  motion  be¬ 
tween  the  Pull  and  Attenuaced  cases. 


Attenuation  reduces  both  the  recovered  roll  angles  and  roll  rate-  -  the 
same  proportion,  but  washout  reduces  mainly  the  low  frequency  componlnts'  ai'd 
-nereby,  reduces  the  roll  rates  less  than  the  roll  angles.  This  can  be  seer/ 
y  comparing  Figs.  l5a  vs.  v3c  for  the  W2  and  Wi  cases,  especially. 

ixcept  for  the  ancmaicus  '.v2  case,  discussed  above,  the  Derf-rmar-“ 
ures  of  tracking  error  ana  contr-1  force  were  net  significantly ‘'diffe'/enrimcng 
^y  of  ohe  first  order  or  attenuated  wash  out  cases  (See  Figs.  i5b  and  i;d. 
aven  the  prcpcrticns  cf  eacn  variance  due  tc:  target  inputs,  disturbarc”"- 
and  remnant  were  about  the  same  as  for  the  full  motion  case  (FC'.  ” 

Farther  insight  into  the  pilot's  tracking  behavior  under  these  was^'-u*" 
is  given  by  the  opened-lccp  describing  f-onctiens  in  Fig.  It  is  im.mediatel- 

apparent  th_t  the  disturbance-loop  describing  functions  are  nearly  id^nt-'-®! 
implying  the  following: 

•  Despite  attenuated,  rsduced-l-v- frequency  motions,  and  chase 
distortions,  the  pilot  compensated  tc  give  the  same  epe^ed- 
Icop  DF. 

•  In  the  ATT  case,  the  rms  roll  angle  was  reduced  from  7  deg 

to  3.6  deg,  the  pilot  had  double  his  tilt  and  roll  rate  ga^-'-o 
[Kt,  ?'V'  2,3  verified  by  the  fitted  coefficients  in  Table^5.' 
and  oiiinmarized  belcv: 


Case: 

1 

1 

% 

FO 

.C22 

.C'^O 

.022 

ATT 

t  -o 

.036 

.028 

Ratio:  (ATT/FC) 

•5T 

2.55 

1  .3t 

1  .27 

te  the  fact  that 

the  rms  tilt 

ang.le  in  the 

ATT  ' 

7  >'  / -  eue  oi  less  tfian 

5»o/5T-3  =  .C65  gy,  the  roll  rates  were  apparently  suffi¬ 
ciently  hj. gh  tc  be  readily  sensed  and  used  tc  cemnensate 
for  the  reduced  metien  cue  over  the  FC  case. 

Cn  the  left  of  Fig.  lli  is  the  target-lccp  DF,  where  the  following  effects 
Cl  wasneut  are  clearly  apparent: 


•  the  FC  and  ATT  cases  are  nearly  identical  for  the  same 

reasons  given  above  for  the  invariant  disturbance  loop  DF. 
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- FO  Full  Motion 

- W2  Second  Order  Washout 

- Wi  pirst  Order  Washout 

- Pirst  Order  Washout  Plus  Attenuation 

. ATT  Attenuation 


Effects  of  Motion  Shaping  for  "Opened  Loop"  Describing 
Function  (Dual  Input  Cases,  Roll  teis  Horizontal'' 


the  other  washouts  induce  (at 

^  4.-  ^r^A  morp  nhase  la^  as  the  washout  degree  is  in 

.11  n  (2ft  side).  Note  that  inserting  a  lew  frequency 
L-t  Fig.  ^^  {  ^  «n+h  in  Fiff  1l)  causes  the  result- 

washout  kequencies)  cn  the  dashed  curve 

mg  3..1icl  cu^e  with  increasing  frequency. 

S^rSiUude  Ind  phase  trends  explain  the  "Washout  Effect 

in  Fig.  1^- 


Optimum  Washout 


-c*  *  'f  this  experiment  was  tc  f.^nd  the  optimum  waohv^at 

one  of  The  desirable  criteria  are  relative  to  che  _ 

,r  ;J-a.'s  roi-.:nly  f  reduction  in  roll  :umplitude  and  rates,  ana 


"real-werid”  case:  a')  si^ - 

b)  similar  pilot  behavior  and  performance. 

T  m  n  -f  the  f-'-^-ing  results  reveals  that  the  clear  choice  is  the 
Inspection  of  the  -o  ■  S  15  justifies  this  seiecticn 

first-order  aitenuo-tec.  «as..cu.  (  )•  ("real-world"  baseline)  case-, 

based  ca  the  f  ilowing  comparisons  w^th  tho  rv  ;  l  r 

•  -  “Si-pS  - 

rates . 

viriaJiS  from  target,  disturbance,  and  remnant  inputs  is 
closely  matched. 

•  The  cpened-loop  -describing  functions,  shewn 

Ire  aSctically  identical.  This  is  bec-mse  the  ei.ect  .1 
^  Isaee  crevicusly  described  in  connection  with 

2ig!  Tc,  is  Ilmcst  exactly  cancelled  by  the  washout-break 
effect  noted  in  Fig.  1^- 

■  (-lot  shewn)  The  subjective  cemraents  were  mere  favcrable 
)cf  tSs“ishcu-.  than  a-n,  other  eneept  pure  atterraation. 

Thus,  we  «“mend  flrst-crdar  attenuated^washeut^tcr^^^^  ^ 

bS  iS'er^SfbS'th; lata'suegest  the  fcllo.l.g  as  libel,  tc  be  both  use- 
ful  and  satisfactory  to  pilots: 

•  Attenuation  faciiT  of  C.,  to  0.7 

s.  .nC  n  tc  O.'i  rad^sec  (Washout  time-consiant 

•  Break  frequency  of  C.^+  t,c  u.^ 

cf  2-5  sec) .  ■ 
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aj  Cob  Motions  (Reduced) 


b )  Performance  (Same)  c)  Activity  (Same) 


"Real  "Opt 
World"  Washout 


TRACKirJG  ]  CONTROL 

ERROR  !  PORCE 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


d)  Pitot  Dynamic  Behavior  (similar  opened -loop  descr  fens.) 


TARGET  FOLLOWING  DISTURBANCE  SUPRESSION 


Motion  Fit 

Cose 

_ 

F90 

WIA 

“Real  World"  Full  Motion  ,  Supine 
Optimum  Washout  (first  order  washout 
plus  attenuation) 

!/T  =  C.4  red/sec  ,  Attenuation  =  0.7 

Figure  15  .  Cornpariaon  of  Optimum  Washout  with  "Beal  World  Case 


CONCLUSIONS 


o=ve.ea  3,v..al  ^tS’ JiS^tSS L" 

?JSraLliSurw““pSs.  s;  vaults  pr«»t3d  hare  3«PEK,rt  the  fcllc- 

ing  ccncLusicns: 

c-  all  seven  c-nditicns  the  four  subjects  were  very  ccnsis- 
evei  be^cnd  that  performed  herein  (e.g-,  =«  rerr.»t 

effects'! . 

-  s -as;S;  ^’SSWBfSB- 

"S-S  s?  ¥  5SBiS,-:rS!.sss. 

of-sinusc--d3  target  aud  disturbance  inputs  .ne  new  STI 

1  d^ff'cuTt  t  fit  because  cf  the  ccmplex  interactions 

fn:cire7be;we:r;he  visual  and  mcticn  feedback  paths. 

^  Untan-I^n^  the  closed-tmiLtiple  loop  describing  function  data 
°»  S  ■•ojanod-loop: 

eff^r^'s  U7s.,'the  Crcsscver-law  adaptive  behavior)  are 
Sewn  for  the  dual  input  case,  with  the  disturoance  .oop 
having  the  higher  bandwidth  (limited  mainly  by  the  ccntrcxled 
element  and  vestibular  rate- sensing  dyn-ur.ics). 

'-cts  of  analysis  and  digesting  cf  complex  trends  in 
the  various  cases,  the  hey  to  understar.aing  it  seems  t^, 

be  the  fcllcwing: 

•  Given  reasonable  rate  motion  cues  at  frequencies 
above  about  C.=-1.C  rad/sec,  the  ?i-ct  s  mr .icn 
feedback  system  acts  like  an  adaptive  rcil-ra.e 
damoer  with  a  bandwidth  cf  neariy  J  rad,- sec.  Th  s 
tends  tc  suppress  disturbances  but  eppeseo  arge*.. 
following  metiens,  while  stabilizing  b'th  loops. 

•  The  pilot  then  uses  sufficient  extra  visual  com- 
pensatcry  (error  correcting)  gain  to  follow ^target 
commands  as  well  under  motion  as  in  ohe  s.a.-u 
case,  and  with  less  remnant  and  disturoance  Ciin- 

Donents. 
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5*  The  affects  of  niotion  are  con'^i^tpnt  +  -u 

the  new  case  rF 

qua-Lly  strong  target  and  disturbance  inputs  each  having 
c..mparab,.e  apparent  spectra  at  the  display.  ^ 

6.  The  describi.ng  functions  and  fitted  tilt-cue  parameter 

*  h  r  11-a.xis  horizontal  are  used,  even  thouo-h  the  r-*"^ 

1.  eral  specific  force  vas  In  see’ cases  nuchlesftj^ 
c.l  gy.  A  very  simple  model  fer  the  use  cf  this  cue  is 
‘  theiess,  use  cf  this  cue  resulted  ’’n  cn’v 

washout  investigated  fseccnd-rd“r 
t-^-t-orcer-attenuated.  and  Durely.-tte-u-t-'^^' 
shewed  distinct  effects  compared  tc'the  "'real-J-M^re^i; ' 
ence  case  cf  full  motion  about  a  vert’ea'  r^/.;-  • 
seccnd-crder  case  was  the  Least  desirabi;  becaure“c“f  iar- 
difiercnces  in  perf  rmance,  behavior  ''d-'^=-f'>'-'”h •' n-  r  4.!^~  ' 
and  subjective  ratings.  The  ether  cLes^or-v-’d-^ 
simix-:.r  performance  measures  with  erme  d*’ 

relative  remnant,  describing  functicns,\nrriiig£i  ' 

'■  clearly  adapted  differently  to  the  various  w-s^^- 

cuts  .hus  Complicating  the  job  of  predicting  the  ne^ 

icr  a  ^ivpn  T.T'i oVif-Ti-t-  ®  ii'-. o  “-.---wLo 


^  -  }J 

for  a  given  washout. 

9-  The  optimum  washout  for  rcll-;nly-si; 


point  of  performance,  behavic;' ^im  ^ 
"reai-world”  reference  case)  was  clearly  rhrJi^cl-otdef 
attenuoited  washout.  Hecemmended  paratnete>''^ 
cf  task)  wr,uid  be:  attenuation  factor 

.im.-constant  of  1-0  seconds  rbreak  at  C.o-0.’  ' 


I  wasneu 


The  data  base  for  this  oaoer  is  be^ne-  nrpnnr'oH  p 
general  access  at  the  U.S.  Defense  DccmJnmicn-CenSr^fPtr"^  filing  and 
requested  through  the  third  author,  at  A.NfflL.  ^  °° 

It  would  be  interesting  and  fruitful  to  analyze  =>nd  +>,o 

ticn  of  these  data,  using  the  cloced-v.on  cr,!  +  i  .  °  remnant  per- 

Fig.  6).  Because  the  inputs  were  carefullv*  sel as  in 
sentable  by  filtered  whUe  neijr  ^a^SS  Lt  f 

tested  against  this  vei-y  consistent  ac-urate*”^^,^^^”^^  1-theories  could  be 
Finally,  using  these  mode  o '.and  Paraiete^nihich^'orSel^'nA^^o^^ 
data  point,)  various  analytical  manipulations  of  a  +  ^  a^-’aoc.t  every 
..in  finthen  m.I.nt  ,.,:„rpUo,  ‘= 


501 


REFERENCES 


Shir 


L/e* 


u  -  -nd  F^-^d  R*  Exceriments 

cleford,  Robert  L. ,  Rictora  ^  :  Motion  Inputs,  NASA 

■  -.nd  a  Model  for  Pilot  ^marmos  with  - - - 

cR-U'-y, 

•ley  R.  S.,  "Motion  Cues  in  Man-Vehicle  Control,"  M.I.T.,  Cambridge, 
m/sc.T).  Thesis,  Jan,  19^6^ 


Le-. 


Ma 


Cambridge, 'j-lP.,  Report  I'lo.  Apr.  i.H- 

Ouar.,  I.,  E.  3.  Kreddel,  M«he,njtl=:a  Moddld  =f  H».»  Pilot 

Behavior,  AGASDograph  No.  l88,  Jan.  W7-- • 

.Jdarlas,  0.  L.,  and  J-  ge^I'nSeSed' at^  1  attlnnaal^nf . 

sdaleno,  Ra:»=nd  E.  antE.Wade  Allen  Modal  .n.  Siadyna-lc  Effdcts^ 

Vibration*  AFOSR  75*^ J  Y  9 

T  -  H  R  Jex  and  D.  T.  McRuer.  Pilot-Induced  Oscillatior^: 
^;.-J:’and  LSils,  T.erthr=p  Carp.,  Eorair  Dlv.,  Eepn.  »0R  =- 
1I5,  June  196^  1^5  -b'lyy-). 


502 


^N79-1562 

A  METHOD  OF  MOTION  SIMULATOR  DESIGN  BASED  ON 
MODELING  CHARACTERISTICS  OF  THE  HUMAN  OPERATOR 

D.  W.  Repperger  A.  M.  Junker 

Aerospace  Medical  Research  Laboratory 
Wright-Patterson  Air  Force  Base,  Ohio  45433 


Introduction 


A  problem  of  interest  in  the  design  of  simulators  is  the  development 

simulators  can  be  adjusted  until  they 
ZainL  r  I"  this  paper  such  a  design  criteria  is 

tamed  to  compare  two  simulators  and  evaluate  their  equivalence 

can  subsequent  analysis  the  comparison  of  two  simulators 

can  be  considered  as  the  same  problem  as  the  comparison  of  a  real  worl^ 
ituation  and  a  simuJation's  representation  of  this  real  world  situation 

operam^^anfdef developed  here  involves  modeling  of  the  human 
perator  and  defining  simple  parameters  to  describe  his  behavior  In  rho  =•( 
ulator  and  in  the  real  world  situation.  In  the  proems  ofobtaLi'L 

Such  mnrifli  •  •  human  as  an  information  processor  and  controller 

ouch  modeling  is  motivated  by  the  work  of  Fitt«  fil  a  m  ■'•■‘■cr. 

13),  .nd  others.  First  .  study  Is  cohlctsd  oh  tits' 'siriator  d.'si.  “"'tf 

critert  ^'3is  modsling  approach  cao  be  used  to  develop  a'° 

criteria  for  the  comparison  of  two  simulators,  ^ 


ST(t) 

^(t) 

v(t) 


S 


N 


Symbols 

Stick  response  of  the  human  operator , 

The  Kalman  filter's  best  estimate  of  ST(t) 

The  residuals,  innovations,  or  modeling  error. 

An  approximation  to  signal  power  generated  by  the  human. 
An  approximation  to  noise  power  generated  by  the  human. 
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Symbols 


e(t),  E(s) 


1  its  Laplace  transform. 

The  closed  loop  error  signal  and  its  Lap 

The  discrete  state  transition  matrix. 

0„.  standard  deviation  of  a  pata.otar  astlMto. 


Xj^(t),X2(t) 


P.R.Q 


The  Kalman  Gain  matrix. 

The  system  gain  matrices. 

A  *  B » H 

,  ,  ,,,  state  vatlablos  vhloh  dasctlb.  SICt)  and  ST(t). 

Unknown  covariance  matrices. 

',R.Q 

,  Saepla  covaclanoe  Ennotlon  (fro.  th.  data). 

,  sample,  normalized  autocorrelation  function. 

An  approximation  to  bandwidth  of  the  human  operator. 

the  simulator  design  problem 

•  lornrt!  or  in  the  comparison  of  a  simulator 
with^'^^rTrlf  rit^atl-.^rassumption  is  made  as  follows: 

Aociimption  (1)J_  lator  B  if  human  operator  in  Simulator  A  has  the 

••niodS^SarlcterisScs"  as  '^he  hu^n  operator  in  defined  via 

t  j^driCprur.^ 

pvocodnr.  la  0  Pl«u“»  of  al»l.tor  credibility  i.  beat 

Situation.  In  this  case  cn 
described  by  assumption 

{2^_  ^^^2d  if  the  human  operator  situation. 

Simulator  A  -  tne  operator  m  the  real  woriu 

same  "model  characteristics  as  the 
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In  practice,  the  usefulness  of  assumption  (2)  has  application  if  it  is 
possible  to  take  data  in  the  real  world  situation  as  well  as  in  the  simulator. 
If  the  simulator  can  be  adjusted  so  that  the  human  operator  parameters  in  the 
real  world  situation  are  close  to  the  human  operator  parameters  in  the  simula¬ 
tor,  then  the  simulator  has  replicated  the  real  world  situation.  This  agrees 
intuitively  with  the  definition  of  a  replication  of  an  experiment.  A  repli¬ 
cation  of  an  experiment  is  simply  two  empirical  runs  of  data  in  which  some 
variable  shows  consistency  in  both  of  the  two  empirical  runs.  In  this  case 
the  variables  that  are  to  show  consistency  are  the  human  operator  model 
parameters.  If  these  parameters  show  consistency  between  the  real  world 
situation  and  the  simulator,  then  the  simulator  has  replicated  the  real 
world  situation.  If  the  human  operator  appears  the  same  in  both  the  simulator 
and  in  the  real  world  situation,  and  he  rates  the  two  to  be  the  same  subject¬ 
ively,  then  the  simulator  has  reproduced  the  desired  environment  from  the 
point  of  view  of  the  human. 

The  data  base  used  to  study  the  measures  of  simulator  credibility 
involves  a  washout  experiment  as  discussed  in  [4].  This  experiment  provides 
a  unique  opportunity  to  study  how  well  the  simulator  replicates  the  real 
world  situation. 


THE  G--VECTOR  TILT  WASHOUT  EXPERIMENT 


The  G-Vector  tilt  washout  experiment  conducted  at  the  Aerospace  Medical 
Research  Laboratory  provides  a  data  base  to  investigate  the  simulator 
credibility  question.  The  data  base  used  here  involved  a  large  centrifuge 
which  has  the  capability  of  positioning  the  roil  axis  normal  to  the  earth’s 
gravity  (called  0°)  or  parallel  with  the  earth’s  gravity  vector  in  which  the 
subject  is  on  his  back  or  supine  (called  90°).  Six  experimental  conditions 
were  considered  in  this  study. 

0^  Conditions  (Upright  Position)  90^  Condition  (Subject  on  his  back) 

0®  Motion  90°  Motion 

0°  Washout  -  Attenuation  only 
0°  Washout  -  1st.  order  washout 
0°  Washout  -  1st.  order  +  attenuation 
0°  Washout  -  2nd.  order 


As  the  subject  makes  a  command  stick  response,  the  simulator  rolls  to  ^ 
simulate  an  aircraft  in  a  banking  maneuver.  It  is  obvious  that  in  the  0 
(upright)  motion  case  the  human  has  both  tilt  cue  information  as  well  as 
angular  acceleration  cue  information.  In  the  90°  (subject  on  his  back) 
motion  case,  the  human  does  not  have  the  tilt  cue  information.  The  four 
washout  conditions  were  conducted  at  0°  (upright  position)  and  a  washout 
circuit  was  installed  between  the  stick  response  and  the  plant’s  roll 
characteristics  (Fig.  (ia-b)).  The  eftect  of  the  washout  circuit  is  to 
distort  the  motion  cues  to  the  human. 

The  manner  in  which  this  data  base  is  equivalent  to  the  simulator  cred¬ 
ibility  problem  is  that  the  '’real  world"  is  defined  as  the  90^  motion  case. 
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The  question  is  then  asked,  which  washout  scheme  at  0®  is  closest  to  the  real 
world  90  motion  case?  The  0  washout  conditions  contain  reduced  tilt  cue 
information  and  also  contain  some  distorted  motion  cues  from  the  washout 
circuits.  The  modeling  procedure  which  enables  the  determination  of  an  equiva¬ 
lence  definition  between  two  simulators  is  presented  next. 


THE  MODELING  APPROACH 


Figure  (2)  illustrates  how  the  modeling  appro^ 'h  was  conducted  here.  After 
the  data  was  collected  from  the  various  experiment.  1  conditions  a  post 
experimental  analysis  was  conducted  with  a  model  developed  in  such  a  manner 
t  at  the  human  operator  can  be  modeled  as  an  information  processor  and  controller. 
With  reference  to  figure  (2),  the  input  to  the  model  is  the  time  series  e(t) 

(the  displayed  error  signal) .  The  purpose  of  this  modeling  approach  is  to 
choose  model  parameters  such  that  the  model's  output  -5?(t)  is  an  accurate 
representation  of  the  measured  stick  response  of  the  human.  The  measure  of 

modeling  accuracy  is  expressed  in  the  residuals  or  output  modeling  error  -..(t) 
Wnicn  S3.tisfi6s« 


V(t)  =  ST(t)  -'$(t) 


If  the  model  is  appropriately  fitted  to  the  data, 
random  white  process  which  satisfies; 


then  v(t)  should  be  a 


(1) 


mean  [  v(t)  ]  =  E[v(t)]  =  0 
var  [v(t)]  =  E[vr)v’^(r)J  =  R  5(t-T) 


(2) 

(3) 


be  necessary  in  the  subsequent  analysis  to  test  v(t)  for  whiteness 
and  determine  R  of  equation  (3).  If  v(t)  is  a  random  white  process  the^ 
the  ejected  value  of  the  model  is  equal  to  the  expected  value  of  the 
human  s  output.  This  is  one  method  to  validate  such  a  model.  A  simple  model 
structure  is  discussed  next  to  describe  the  human's  characteristics  of  interest. 


A  SIMPLE  MODEL  TO  DESCRIBE  HUMAN  OPERATOR  CHARACTERISTICS 


It  IS  desired  to  deve*c,,  a  model  to  characterize  the  human  operator 

of  locotosc  for  this  study.  Fto.  prsvlous  studies  [s'dh  "her  sto- 
pie  tepteseutetlons  of  the  hu«eu  uhluh  hsve  spplleetloo  In  specific  sltu.tiJL 
have  been  developed.  In  this  paper  a  modeling  approach  will  be  used 
that  will  give  rise  to  simple  methods  to  characterize  human  operator  parameters 
across  several  experimental  conditions  (or  simulator  designs)!  These 
modeling^characteristics  turn  out  to  be  analogous  to  an  iLrmation  theory 
representation  of  the  human.  Using  the  definition  of  channel  f-apacity;  ^ 


channel  capacity  =  Bandwidth  *  log 


10 


N 


(4) 
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The  Bandwidth  term  is  analogous  to  speed  and  the  term  log^^C-^)  is  analogous 

to  accuracy.  If  the  human  operator  has  characteristics  similar  to  an  informa¬ 
tion  channel,  one  would  expect  a  product  of  the  form  of  equation  (4)  to  be 
invariant  over  several  experimental  conditions.  It  is  then  necessary  to 
determine  only  two  characteristics  of  the  human  operator  in  this  representa¬ 
tion  of  responses.  To  determine  bandwidth,  use  is  made  of  the  human  describing 
function  plots.  In  the  determination  of  the  accuracy  measure,  a  Kalman  filter 
must  be  used. 

From  figure  (3),  it  is  desired  to  have  a  meth'^d  by  which  an  approximate 
measure  of  human  operator  signal/noise  ratio  can  be  determined.  In  this 
modeling  procedure,  the  Kalman  filter  is  initially  specified  to  have  input- 
output  characteristics  similar  to  those  obtained  from  the  describing  function 
with  the  addition  of  some  phase  lag  to  account  for  the  time  delay  of  the 
human.  The  unknown  Kalman  gain  coefficients  (which  represent  the  •  certainty 
terms  or  covariance  matrices)  are  updated  [7]  in  such  a  manner  tt  .  the 
residuals  v(t)  are  white.  The  signal  to  noise  ratio  can  then  be  approximated 
by; 


—  ^ 


ifi  [ST(t.)]" 
i=i  ^ 


(5) 


It  is  noted  that  the  variance  of  the  residuals  v(t)  are  a  measure  of  human 
uncertainty  with  respect  to  the  error  signal.  This  is  true  because  the 
Kalman  filter  output  5c(t)  is  that  portion  of  the  stick  response  correlated 
with  the  error  signal.  The  residuals  v(t)  are  that  portion  of  the  stick 
output  not  correlated  with  the  error  signal.  This  definition  of  human  uncer¬ 
tainty  differs  from  the  classical  definition  of  remnant  [8,9]  which  is  defined 
as  that  portion  of  human  response  not  correlated  with  the  input  forcing 
function.  This  definition  of  human  uncertainty  is  concerned  with  that  part  of 
the  human  response  which  is  totally  non-productive  in  reducing  the  error 
signal.  This  is  easily  seen  to  be  true  by  noting  that  v(t)  when  passed 
through  the  plant  and  around  the  loop  still  is  uncorrelated  with  the  error 
signal.  Hence  it  cannot  constructively  be  used  to  reduce  the  error  signal 
because  of  its  orthogonality  to  it.  This  measure  of  human  uncertainty  is  a 
true  measure  of  human  output  not  useful  in  the  tracking  task.  Next,  a  descrip¬ 
tion  of  the  measures  of  bandwidth  and  accuracy  obtained  from  this  modeling 
procedure  are  presented 


CALCULATION  OF  BANDWIDTH 


In  the  computation  of  a  measure  of  the  bandwidth  of  the  human  operator, 
several  cliff iculities  exist  in  attempting  to  treat  the  human  as  an  information 
channel  [10].  This  is  due  to  diff iculities  in  determining  the  i:i.ae  describing 
function  from  measured  data  variables  and  the  effects  of  correlation  between 
the  human's  remnant  response  and  portions  of  the  measured  error  signal.  In 
this  paper  several  approximations  will  be  made.  Figure  (4)  illustrates  the 
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describing  function  of  the  human  for  the  0  motion  case.  Across  t.ie  six 
experimental  conditions  considered  here,  the  shape  of  the  human  operator 
describing  function  remained  essentially  the  same;  the  major  change  between 
experimental  conditions  was  only  due  to  the  d.c.  gain  values  where  the 
describing  function  was  at  a  maximum.  The  ensuing  analysis  was  conducted  on 
the  spectrum  generated  by  the  target  frequencies.  The  rea:.on  it  is  necessary 
to  work  with  the  target  frequencies  is  that  if  the  target  forcing  function 
were  zero,  the  describing  function  of  the  human  operator  obtained  from  only 
the  human  operator  response  (or  for  small  values  of  disturbance  input)  is 
just  equal  to  -1/plant.  This  result  is  well  known  [10,11]. 

From  thf*  target  spectrums  all  experimental  conditions  are  rated  in  order 
of  their  maximum  gain  value  (table  I).  From  table  I  it  is  seen  that  0°  static 
has  the  lowest  gain  value.  The  largest  frequency  the  human  will  pass  for  this 
value  of  gain  is  now  determined  for  each  experimental  condition. 

This  definition  of  the  human  operator  bandwidth  is  the  highest 
trequancv  at  which  the  human  will  respond  with  gain  of  0.5  db.  In  other  words 
across  all  experimental  conditions,  the  range  of  frequencies  (from  0.0  radians 
and  upward)  is  obtained  that  the  human  will  pass  with  gain  greater  than  0.5db. 

In  this  manner  a  normalization  is  conducted  on  one  experimental  condition  ver¬ 
sus  the  remaining  experimental  conditions.  This  is  a  logical  definition  of 
numan  bandwidth  and  is  one  of  many  possible  methods  to  approximate  the  bandwidth 
of  a  control  system  [12].  Measures  of  human  uncertainty  in  tracking  are  det- 
ermined  next* 


Table  I  -  Bandwidth  Computation  -  Subject  -  Eric 


Experimental 

Condition 

Maximum  Gain 
in  db 

Bandwidth  A_  Higest  Frequency 
where  gain  ^0.5  db 

10 

0®  Motion 

6.5db 

10.8  Kad/Sec 

2.0 

Washout 

Attenuation  only 

4.8db 

9.8  Rad/Sec 

0.3 

90°  Motion 

A.5db 

9.5  Rad/Sec 

0.7 

Washout  1st  Order 

4*  Attenuation 

3,5db 

9.2  Rad/Sec 

1.1 

Washout 

1st  Order 

2.9db 

8.3  Rad/Sec 

0.8 

Washout 

2nd  Order 

3.3clb 

8.2  Kad/Sec 

1.1 

0°  Static 

0.5db 

7.3  Rnd/Sec 

1.0 

measurement  of  accuracy  or  subject  uncertainty 


It  is  desired  to  update  the  model  parameters  in 
With  reference  to  figure  (5)  a  white,  random  process, 

such  a  way  that  the  innovations  sequ  an  algorithm  [7]  which  is 

The  method  of  updating  the  parameters  i  nianner  a  unique  value  of  the 

actually  a  maximum  liklihood  .  .^es  the  probability  density  function 

optimal  gain  can  be  ,  based  on  all  the  available  data  points, 

of  the  structure  of  the  assumed  f  Kalman  filter  model 

The  optimal  gain  is  the  principal  part  of  the  discrete 

which  is  described  by: 


'‘i+l/i 


4'  X,  + 


j  e^^d-tBcol[e(t)  ,e(t)  ] 


=  X ...  1 

i/i-3. 


^  t  z .  -  H 


where*  U  rh.  .Ihtar.  v.rl.ece  esrl.»te  of  Che  hu»,n’.  stick  respohs..  The 
„trls  J  L  the  discrete  transition  »rrlx  essoclated  with  the  heron's  transfer 
function  determined  as  follows: 


ST[s] 

E[s] 


d(s+a) _ 

(s+b) (s+c) 


,„r4  noles  is  conducted  on  the  human's  transfer  func- 
i.e,  a  fit  of  one  zero  ^Rode  plot).  The  coefficients  a,b,c,  and  d 
tion  to  the  describing  function  dat  (  ^  niagnitude  data.  Im- 

are  adjusted  to  try  included  in  the.  representation  (8) 
plicitly  the  human's  time  delay  ^  „ork  will  be  done 
throuzh  the  adjustment  of  the  parameters  b  and  c.  rucuc 

rfSy  nora  exact  fits.  The  n.atrlx  ♦  is  then  deter.ined  via  ^  .  ^Aiht 
where  zit-.04  seconds  (the  sanpUng  rate)  and  the  utrl.x  .t  is  deter.ined  vie: 


x^(t)  =  ST(t) 

j  <■Q^  is  the  time  domain  representation  of  equation  (8).  The 

and  equation  (9)  H  ==  fl  01.  The  Kalman  gain  K 

matrix  H  in  equation  (7)  is  specified  by  H  -  U.UJ.  me  Na  s  ^ 

satisfies : 

K  =  P  (HPH^  +  R)"^ 

^  T  T  -*1  T 

=  (j,  [P-PH^(HPH  +  R)  HP]^  +  Q 


P 


where  the  covariance  matrices  Q  and  R  describe  the  human  s  uncertainty  in 
the  tracking  task.  The  manner  of  obtaining  the  Q  and  R  matrices  is  based  on 
the  algorithm  in  [7].  Initial  matrix  values  denoted  as  and  are  chosen.  In 

order  to  establish  the  updating  rule,  it  is  necessary  to  define  the  sample  cov¬ 
ariance  function. 


Let: 


1  ^  T 

i  Vi-k 

1=  k 


is  a  sample  covariance  function.  The  matrices  R  and  Q  are  now  updated  [7]  via: 


where 


\  -  "“'k"  > 


P,  H  =  K  r  +  A 
k  0  0 


s  ■ 

L  2. 


where 

and 


and  finally  Q  is  determined  via: 

=  P  - 

This  algorithm  has  been  shown  to  converge  [7]  and  is  equivalent  to  maximizing 
the  log-likelihood  function  of  the  model  structure  conditioned  on  the  data. 

The  final  validation  of  this  modeling  effort  is  the  need  to  test  the 
residuals  for  whiteness.  To  accomplish  this  goal  the  normalized  auto  correla¬ 
tion  function  is  computed  as  follows: 


o 


The  test  of  whiteness  of  the  residuals  is  a  95%  whiteness  test  on  The 

95%  confidence  limits  for  are  1.96/ MIT  where  N  is  the  number  of  samples. 

The  band  +  1.96/Mn  is  constructed  about  zero.  If  less  than  5%  of  the  sample 
points  lie  outside  the  band,  the  sequence  is  white.  If  more  than  5%  of  the 
sample  points  lie  outside  the  band,  then  a  significant  correlation  exists  in 
the  residuals  and  the  sequence  is  not  white.  Figure  (6)  illustrates  the 
sample  auto-correlation  function  obtained  here  from  the  data  after  the 
residuals  have  been  whitened  via  this  algorithm. 


RESULTS  FROM  THIS  ANALYSIS 


Figure  (7)  represents  the  type  of  diagram  obtainable  from  this  tyr>e  of 
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analysis  procedure.  The  vertical  axis  is  a  plot  of  the  measure  of  bandwidth 
as  shown  in  Table  I.  The  horizontal  axis  indicates  numerical  values  of 
the  accuracy  measure  or  S/N  ratio  obtained  here.  Also  plotted  is  the  curve 
of  constant  capacity  based  on  this  analysis  procedure.  The  numerical  values 
resulting  from  this  investigation  of  the  data  are  given  in  Table  II: 

Table  II  -  Speed  -  Accuracy  Results 


Exp 

Condition 

Mean 

BW 

la 
of  BW 

N=Maan 

logioS/N 

lo 

log^gS/N 

Mean  Capacity 
BW*logj^Q(l+S/N) 

0®  motion 

10.8 

2.0 

3.265 

.191 

34.346 

Washout 

Attenuation  only 

0.3 

3.278 

.088 

31.719 

90®  motion 

9.5 

0.7 

3.358 

.089 

31.5025 

VJashout  ist  order 
•f  Attenuation 

9.2 

■ 

3.378 

.064 

30.79 

V.’a  shout 

1st  Order 

8.3 

0.8 

_  .  _  j 

3.373 

.043 

27.813 

Washout 

2ud  Order 

■ 

3.412  j 

.082 

27.634 

Also  plotted  in  figure  (7)  is  the  invariant  rule; 

BW  *  log^^d+S/N)  =  Constant  =  30.6  •  (11) 

The  constant  30.6  is  the  mean  of  the  values  of  capacities  obtained  in  the 
right  most  column  in  Table  II.  From  figure  (7)  it  is  noted  that  most  of  the 
experimental  conditions  fall  near  this  line. 

Figure  (7),  by  itself,  is  the  diagram  which  can  be  used  to  assess,  the 
fidelity  of  a  simulator  in  comparison  to  the  real  world  data.  If  90^  motion 
is  considered  the  real  world  situation,  the  washout  scheme  closest  (distance 
wise)  to  this  situation  is  1st.  order  +  attenuation.  The  other  washout 
schemes  are  sucessively  further  away  in  this  diagram  and  therefore,  further 
from  reality.  The  reason  why  it  is  said  that  the  two  experimental  conditions  best 
replicate  each  other  is  that  the  human  exhibits  almost  the  same  bandwidth 
(or  speed  characteristics  in  tracking)  and  almost  the  same  uncertainty 
characteristics  (as  measured  by  the  S/N  ratio) . 

Another  interpretation  of  figure  (7)  is  to  consider  the  inverse  problem 
associated  with  modeling;  i.e.  given  the  model  parameters,  can  an 
analog  simulation  be  built  which  will  recreate  the  original  empirical  data. 

If  the  human  in  the  loop  were  replaced  by  a  quantitative  description  (e.g. 
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bandwidth  and  S/N  ratio),  the  analog  simulations  of  the  90  motion  case  and 
washout  1st  order  +  attenuation  would  most  closely  replicate  one  another.  This 
is  true  because  the  only  difference  between  the  two  simulations  would  be  the 
parameters  which  describe  the  human  operator.  If  these  parameters  are  close 
to  one  another  in  some  sense,  then  these  simulations  would  best  match.  This 
is  the  motivation  for  using  figure  (7)  to  study  simulator  fidelity. 

One  additional  comment  needs  to  be  made  about  why  the  washout  scheme  of 
1st.  order  *+•  attenuation  best  matched  the  90®  motion  case.  The  0®  washout 
condition  provided  tilt  cue  information  but  the  1st.  order  +  attenuation 
washout  filter  phase  lag  had  the  effect  of  distorting  these  tilt  cues 
sufficiently  to  replicate  the  90®  motion  case.  For  the  case  of  attenuation 
only,  the  tilt  cue  had  an  effect  closer  to  0®  motion  (as  expected).  Also,  as 
the  washout  scheme  added  more  phase  lag  C2nd  order  case) ,  the  deviation  from 
reality  became  more  pronounced  and  the  human  operator  dropped  his  bandwidth 
accordingly. 


Future  Research 


The  primary  approximation  used  here  was  in  the  evaluation  of  human  operator 
bandwidth.  This  approximation  also  effected  the  S/N  ratio  because  the  A  matrix 
in  the  Kalman  filter  depends  on  this  approximation.  Future  research  will 
consider  more  accurate  methods  of  evaluating  bandwidth  and  including  human 
time  delay.  In  addition,  a  comparison  will  be  made  in  the  information  rate 
obtained  here  to  results  from  discrete  tasks  (  approximately  3.0  bits/sec  113]) 
and  to  other  information  measures  obtained  from  vision  [14],  reading  [15], 
and  control  systems  in  general  [16],  Another  approximation  utilized  here  was 
that  the  S/N  ratio  of  the  human  was  assumed  to  be  constant  over  the  entire 
frequency  spectrum.  In  [3]  the  analysis  procedure  was  able  to  study  the 
capacity  measure  across  the  entire  frequency  spectrum.  The  procedure  consid¬ 
ered  here  can  be  extended  in  this  respect.  Also,  since  the  analysis  conducted 
here  only  involved  one  subject,  future  work  will  consider  this  analysis  across 
different  subjects,  and  use  will  be  made  of  these  measures  of  human  invariance 
and  subjective  uncertainty  in  various  task  situations. 


SUMMARY  AND  CONCLUSIONS 


A  study  of  design  rules  for  the  evaluation  of  a  simulator's  fidelity  to 
the  real  world  situation  was  conducted.  The  measures  of  model  parameters 
obtained  here  give  rise  to  information-theoretic  models  of  the  human  operator. 
It  appears  that  an  invariant  rule  may  exist  on  the  human's  ability  to  do 
information  processing  over  a  variety  of  different  experimental  conditions. 
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FIGURE  (la)  -90°  Motion  TracUinn 


FIGURE  (lb)  -0°  Washout  Circuit 
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FIGURE  (A)  -  The  Human  Operator  Describing  Function 
O'*  Motion  Case 


FIGURE  (S)  -  Cal i/'H  of  Subject  Uncertainty 
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Figure  (6)  -  R(t)  versus  t 
Iteration  5  -  The  Sample 
Residuals  are  White  For 
N=1200  data  points. 
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mVESHSATION  OF  NOHLIHEAR  MOTION 
SDULATOR  WASHOUT  SCHEMES 
By  Susan  A.  Riedel  and  L.  G.  Hofmann 
Syste.-ns  Technology,  Inc. 
Havthorne,  California 

INTRODUCTION 


Research  Interest  Ln  va. 
Ouc  of  a  desire  to  rnaxiinize 
iator  pilots,  '.’.’ashout  filte 
Ing,  requirements : 


,out  filters  for  ;:iotion  3ir:iuiator  drives  arises 
.e  fidelity  of  :;iotion  cues  presented  to  simu- 

catlsfy  -VO  irriportant,  usually  conflict - 


1  .  Tr.e  filter  (al:r..'  viti;  the  lir.iters)  r.ust  prevent 
the  simulator  frorn  reaching  the  vechanical  limits 
i;r.po3ed  on  d  irrlacement,  veLccity  and  acceleration 
in  each  axis . 


2.  The  filter  must  reproduce  actual  motion  cues  with¬ 
out  rerce'Pt  LDle  il.stort  lotii*  Tl.at  is  i  I'^otions  con— 
Tr*i;5UT.cd  hccai'Se  01*  t ne  wacr*ouT,  ‘'lusi  Lirrpercep— 

^  ic le  t- 0  t h.e  p iiot . 


Tiie  first  recuire::ient  la 
uncuTi  motion  base  li:nit3,  e:-:i 
out  desii^n.  Tne  I'es’ult  siiou_ 
witu  the  limiters.  The  seccr. 
physiology  of  mot ion  percept  1 
r-sychology  has  lead  to  morlelr 
and  has  greatly  sha^ened  cur 
The '  e  G apab  L 1  i  t  i e s  or  lac  .t 
designer  in  fulfilling  tne  se 


Ically  dictates  integrated  consideration  of 
T  Lnr  limiter  circuitry  and  the  proposed  ''.v'ash- 
be  -I  design  wnich  Is  not  at  crossed  puin?oses 
rcuuiremient ,  hov;ever,  de:narids  knowledge  of  the 
n.  Research  in  engineering,  physiology  and 
of  certain  mechanisms  for  motion  perception, 
::2>owledge  of  human  motion  perception  capability 
.ere of)  can  then  be  e>:p lofted  by  tne  washout 
:  end  re  qu 1 reme nt . 


The  first  section  of  th 
promising  vashoum  schemes  wh 
presented  fs.ll  into  two  basi 
Various  nonlinear  miodificati 


Is  paper  presents  an  over'-^'lev;  of  some  of  the 
ich/h.avc  recently  been  devised.  T:\e  four  schem.es 
c  configurations:  crossfeed  and  crossproduct, 
ens  further  differentiate  the  four  schemes. 


The  second  section  of  t 
detail.  This  washout  schem.e 
up  simulator  cab  centering, 
thresholds  to  center  the  sl.m 


s  paper  discusses  one  nonlinear  scheme  in 
rimes  advanta^:;e  of  subliminal  motions  to  speed 
it  exploits  so-called  perceptual  indifference 
.at or  cab  at  a  faster  rate  wliene  ’er  the  input 
mere  eat  ".al  Indifforcnce  le/el.  The  efieel  is 


10  reduce  the  angular  and  t 
that  for  the  linear  r;ashor,t 


-aas lat tonal  simulator  motion  by 


case . 


co;nparison  with 
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for 


The  final  section  of  this  paper  presents  the  conclusions  and  implications 
further  research  in  the  area  of  nonlinear  washout  filters. 


An  Overview  of  Nonlinear  Washout  Techniques 

All  nonlinear  washout  schemes  presented  here  are  modifications  tc  one 
of  the  two  basic  linear  designs  shown  in  figure  1.  For  si.-xlicity,  a  single 
set  of  coupled  asces  for  each  design  is  depicted.  The  crossprcduct  scheme, 
attributed  to  Schmidt  and  Conrad  (reference  t),  is  currently  Implemented  on 
the  Large  Amplitude  Multimode  Aerospace  Research  Simulator  (l-AMARS)  (refer¬ 
ence  7).  The  crossfeed  schema  (reference  o)  attributed  to  Fray  is  implemented 
on  the  Flight  Simulator  for  Advanced  Aircraft  (FSA4)  (reference  t). 


An  interesting  aspect  of  t'ne  crcssprcduct  scheme  Is  that  ti:e  recovered 
specific  force  always  equals  the  Input  specific  force  in  the  acsence  of  any 
additional  filtering  of  translat Icnal  acceleration.  In  the  figure,  tn. Is 
Implies  V^o  =  ^^ncF*  result  Is  due  to  the  conf Imurat ion  sf  *he  residual 

tilt  and  coordinating  cro^sfeed  paths.  No": ice  that  because  of  the  different 
arrangements  for  the  coordinating  crossfeed  and  residual  "‘lit  oaths  in  *:re 
crossfeed  scheme,  Vpo.and  are  not  necessarily  equal. 

Table  1  compares  four  nonlinear  washout  schemes  which  are  in  varictw 
stages  of  development.  Because  of  the  nonlinear  nature  of  these  schemes  it 
is  net  possible  to  predict  the  tutscme  o:^  a  given  e:-m'er  it-n"  tased  or  '  h- 
results  of  previous  experiments.  Thus,  conclusions  drawn  from  test  results 
for  these  nonlinear  scheites  a.re ,  at  best,  tentative. 


Fimure  2  presents  a  roll  axis  example  of  the  adaptive  tair.  (Parrish, 
references  2  and  ;)  scheme.  The  gain  is  co-nputed  on-line  based  upon  a 
cost  function.  This  cost  function  is  a‘ function  of  roll  rate,  roll  angle 
a.nd  initial  K^.  It  includes  several  constants  which  can  be  varied  to  "tune” 
the  filter.  The  cost  function  is  integrated  Ovnd  limiits  are  i^tpcsed  <-0  CD>-ain 
the  filter  gain.  This  gain  varies  with  time,  the  filter  is  tunes  for 

a  particular  application,  Farrisn  and  Martin  found  it  helpful  for  reducing 
the  so-called  ” false  cue”  obser^/ed  in  pulse-type  maneuvers. 


Figure  5  illustrates  a  sway-axis  example  of  the  varying  break  frequency 
(Jewell,  reference  1)  scheme.  In  this  case  a  cost  function  is  u.:  ;d  to  compute 
the  time-varying  break  frequency  of  the  second-order  translational  v/ashcut. 

The  cost  function  is  a  function  of  the  translational  acceleration,  velocity 
and  nosition  as  :^11  as  breax  frequency  itself.  Constants  are  available  tc 
tune  the  filter.  The  cost  function  is  then  integrated  and  a  limit  is  imposed 
tc  obtain  the  brea::  freq_uency.  Jewell  has  dem.onstrated  in  a  computer  simu¬ 
lation  th.a"  a  '’wo-fold  reduct  Lo::  In  translational  '"ction  can  ce  acliievoc:  for 
a  quasi -random  input, 

Fimvi'c  presents  a  sortlo:.  >ji  the  surge  axis  as  it  appears  in  a  signal 
compression^  3che:;:e  which  incoiq^orates  parabolic  li:::iting.  Ifnile  both  the 
Parrish  and  the  Jewell  GGhe*::es  addressed  the  proble*::  of  increased  sim.ulatlo". 
fidelity  and  decreased  motion  base  require:;:ents,  this  scheme  proposes  a  solu¬ 
tion  for  tlie  problem  of  the  ::ardv;a2*e  motion  base  li::mts.  Tlie  essence  of  "-mrls 
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•  TABLE  V.  COMPARISON  OF  FOUR  NOWLINEAR  WASHOUT  SCHE’-ES  • 


Variable 


Adaptive 

Gain 

Break 

Freauer.cy 

Parabolic 

Limiting 

Subliminal 

Descriotion 

Varies  wash¬ 
out  gain  K 
using  a  cost 
function 

Varies  wash¬ 
out  break 
frequency 
using  a 
Parrish-type 
cost  func¬ 
tion 

Incorporated 
in  electrical 
drive  to  com¬ 
mand  maximum 
deceleration 
to  stop  simu¬ 
lator  at 
limits 

Increases 
washout  rate 
when  input 
is  subthresh¬ 
old  to  force 
cab  back  to 
zero  position 
faster 

Purpose 

Eliminate 
"false  cue" 

Reduce 
motion  base 
displacement 
requirements 

Back-up  sys¬ 
tem  for  hard¬ 
ware  and 
software 
units 

Reduce  motion 
base  displace¬ 
ment  require¬ 
ments 

— 

Principal 

Investin:ators 

NASA -Langley 
Parrish 

STI 

Jewell 

ILASA-Ames 

Bray 

Sinacori 

Hofmarr; 

Martin 

Jex 

Axecc-L 

Level  of 

Inves  uit?at  ion 

Implemented 
on  Langley 

Computer 
model  roll- 

Imolemented 
on*  FSAA 

Computer 
model  roll- 
sway  axes 

Visual 

Motion  Simu¬ 
lator 

sway  axes 

Underlving 
Linear  Basis 

Crossproduct 

Crossproduct 

Cross feed 

Crossproduct 

Innuts  for 
Which  Scheme 
Is  Most 
Effective 

Level  of 
Success 

Pulse -type 
inputs 

!iay  elimi¬ 
nate  "false 
cues'* 

All  inputs 

Twofold 
reduction  in 
lateral  dis¬ 
placement 
requirement 

Large  inputs 
which  could 
cause  limit¬ 
ing 

Avoids  hit¬ 
ting  hardware 
limits 

imali- y  suO— 

threshold 

inputs 

T^^ofold 
reduction  in 
lateral  dis¬ 
placement 
requirement 

Side  Effects 

Increased 

Increase  in 

Increase  in 
lateral 
specific  force 
mis coordina¬ 
tion 

nonlinearity 

with 

increased 

motion 

lateral 
specific 
force  mis co¬ 
ordination 

References 

2,  3 

1 

), 

52A 


4>oj  = 

K,^  =  -a  (dJ/aK^) 
J  =  1/2 

^I'ruve  r. 


Fiiiure  5.  Varying  Break  Frequency  3che:ne 
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scherTie  is  a  continuous  calculation  to  assure  that  the  cab  can  be  brought  to 
zero  velocity  before  displacement  limits  are  reached.  Tl;e  cortunanded  motion 
is  reproduced  to  the  extent  that  a  margin  between  the  calculated  stopping 
noint  and  the  dieplaceinent  limits  exists.  In  this  way,  maximum  use  may  ce 
iiiade  of  the  available  motion  capability. 

The  fourth  washout,  the  subliminal  scheme,  is  the  sub.iect  of  i.he  next 
section  of  this  paper. 


THE  SUBLIMDIAL  WASHOUT  SCHEME 


Figure  5  presents  an  application  of  the  subliminal  washout  scheme  to  a 
first -orde-  roll  a;<;i3  washout.  This  concept  came  about  as  the  result  of  an 
attempt  to  utilize  so-called  "indifference"  thresholds  which  pilots  e.xhibit 
under  normal  workload.  These  thresholds  may  be  operative  for  both  angular 
velocity  and  specific  force  perception  under  normal _ workload .  The  In^potn- 
esis  is  that  pilots  do  not  perceive  angular  velocities  a-id  specific  torces 
which  are  telow  the  respective  i.ndifference  thresholds.  The  washout  design 
ob.jective  is  to  exploit  this  particular  phenomenon  to  obtain  reduced  simulator 
motion  requirements  or  increased  motion  fidelity. 

The  overall  desimn  goal  is  to  drive  the  cab  back  to  its  zero  position 
more  rapidly  th.an  would  the  underlying  linear  washout  whenever  the  motion 
stimulus  is  below  the  indifference  threshold  level.  This  is  accomplished 
with  the  use  of  the  two  nonlinear  fu.nctions  in  boxes  A  and  B  in  figure 
The  input 'to  the  function  in  Block  A  is  the  scaled  angular  velocity.  This 
function  produces  a  weigh.ting  factor  wliior.  .serves  as  variacle  iccuLac-. 
gain  in  the  washout  circuit.  If  the  input  magnitude  is  larger  th^.  the^ 
indifference  threshold  Pg',  the  weighting  tact.or  is  zero*  If  -he  input 
zei'Of  the  wei.'ihtinit  factor  is  1.0.  Otherwise,  the  weighting  factor  is  some 
fraction  of  1 .0  which  is  a  sinusoid -like  function  of  the  Input  for  the  form 
of  the  weighting  function  used  here. 


The  intut  to  Block  B,  a  soft  saturation  nonlinear  function, 


roll 


angle,  p.  If  p  is  lar.ge,  the  value  oi 
the  indifference  threshold  level,  ±prp. 
tio.a  output  is  proportional  to  p. 


,..e  fu.hction  output  is  the  value  of 
If  P  is  small  the  value  of  the  func- 


The  oufDuts  from  Blocks  A  and  B  are  then  mult  Lpliea  t.o  arrive  at  an 
Incremental  w-ashout  rate  command  signal.  The  particular  choice  of  functions 
in  Blocks  A  and  B  assures  that  this  signal’s  magnitude  never  exceeds  the 
indifference  threshold  level.  The  smoothness  of  the  functions  in  Blocks  A 
and  B  tends  to  prevent  discontinuous  commanded  chan.ges  in  the  washout  rate. 
The  value  of  this  incremental  washout  rare  command  signal  will  be  non-zero 
whenever  the  cab  roll  angle  is  non-zero  and  the  input  angular  velocity  is 
below  the  indifference  threshold  level.  The  signal  is  then  subtracted  from 


p  =  Input  Angulor  Velocity 
pj  2  Scaled  Angular  Velocity 
=  Indifference  Threshold  Level 
=  Commanded  Cob  Roll  Rote 
=  Commanded  Cab  Roll  Angle 


Figure  5.  Nonlinear  Washout  Scheme  (First-order  Washout) 

the  scaled  input  angular  velocity.  The  result  is  a  smaller  away-from-center 
angular  velocity  input  to  the  integrator  than  would  result  for  the  underlying 
linear  scheme.  Tlius,  the  cab  is  driven  back  to  its  zero  position  more  auickly 
-han  iu  woulc  be  for  the  linear  scheme,  during  intervals  of  sub-threshold 
inputs  in  angular  velocity. 

Preliininary  tests  of  this  subliminal  washout  concept  for  the  roll  axi*^ 
shoved  it  tc  be  ineffective.  There  was  some  reduction  in  simulator  motion"" 
requirements,  but  not  really  enough  to  warrant  further  inves titration. 

Figure  o  shows  an  appi.ication  of  this  same  washout  concept  to  the  late^^^l 
specific  force  channel  of  a  crossproduct  rashout  configuration  for  roll-sway"^ 


It  was  pointed  out  in  the  discussion  of  the  crossproduct  scheme  that  the 
input  specific  force,  Vpo,  and  the  recovered  specific  force,  are  always 

equal  for  the  crossproduct  ^^shout  configuration.  In  this  case  the  sublimiLl 
TOshout  intrccuces  intentional  miscoordination  of  specific  force.  The  indif¬ 
ference  phenomenon  allows  this  deliberate  introduction  of  specific  force  mis  I 
coordination,  and  as  long  as  this  miscoordination  does' not  exceed  the  specific 
force  indifference  threshold  level,  the  pilot  under  normal  workload  will  not 
detect  the  miscoordination. 
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Computer  simulation  results  for  the  vashout  in  figure  6  are  presented 
in  figure  The  input  to  the  simulation  corresponds  to  a  roll-in  to  a 
constant  'v  g  turn.  The  inputs  are  roll  rate,  Pa,  and  lateral  specific  force, 
V^.Q.  There  is  no  reduction  in  acceleration,  y,  slight  reduction  in  velocity, 
and  significant  reduction  in  lateral  translation,  y.  These  results  shov 
clearly  that  the  suhliminal  washout  substantially  reduces  simulator  displace¬ 
ment  .:iotion  requirements.  Lateral  translation  reduction  is  70  percent,  i.e., 
from,  a  maicimu::!  linear  displacement  of  L.op  m  (l5*5  ft)  to  a  displace¬ 

ment  of  1.2  m  (V  ft). 

In  order  to  accomplish  this  substantial  reduction  in  lateral  translational 
requirements,  however,  a  substantial  cL-inge  in  recovered  specific  force  is 
generated  because  of  mis coordination.  This  is  due  to  the  increased  washout 
rate  for  the  subliminal  washout  sche:ne.  Since  the  increase  in  washout  rate  is 
constrained  to  at  or  belov;  an  indifference  threshold  level  of  0.1  g,  the  change 
in  recovered  specific  force  is  also  constrained  to  that  level.  Thus,  under 
normal  workload  the  pilot  should  not  be  able  to  detect  this  level  of  miscoordl- 
nation. 

The  computer  simulation  of  the  subliminal  washout  has  been  exercised  for 
a  variety  of  inputs.  Significant  reductions  in  motion  base  requirements  have 
been  observed.  On  the  basis  of  these  results  the  following  conclusions  can 
be  drawn: 

1.  The  subliminal  washout  concepts,  as  implemented  in  the 
translational  axes  of  the  crossproduct  scheme,  are  effec¬ 
tive  in  reducing  the  velocity  and  displacement  reo_ulre- 
ments  of  the  motion  base. 

2.  The  subliminal  v.-ashout  scheme  is  most  effective  for  sub- 
indifference  threshold  specific  force  inputs .  The  wash¬ 
out  reduces  to  the  underlying  linear  scheme  when  inputs 
exceed  this  threshold. 

3.  The  use  of  the  subliminal  threshold  scheme  results  in 

an  increase  in  recovered  specific  force  which  is  spurious . 

This  spurious  motion  is  due  to  additional  miscoordinaticn. 

The  nonlinear  implementation  insures  that  this  mis coordi¬ 
nation  component  is  never  greater  than  the  as  summed  indif¬ 
ference  threshold  level.  Thus  under  normal  workload, 
the  pilot  should  be  unable  to  detect  this  false  cue. 

Much  work  remains  to  be  performed  in  the  investigation  of  this  sublimi¬ 
nal  washout  scheme.  The  initial  results  of  the  computer  simulation  have 
shed  light  on  the  schemers  major  uses,  and  encourage  further  research  and 
eventual  simulator  implementation. 
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Figure  7*  Comparison  of  Linear  and 
Nonlinear  Outnuts 


CONCLUSIONS 


T,,.  ^  sarnple  of  some  nev  concepts  in  nonlinear  washout  filters  has  fcef^n 

presented  here.  Since  each  scheme  addresses  a  diffe^-ent  Js^;"  S  tS 

desirable  to  combine  several  nonlinear  concents 
several  rroblems  in  a  pLSJSS 
aloni  tb  -  be  handled  by  a  single  washout  circuit.  Further  reLarch 

along  theos  lines  mignt  lead  to  a  well-defined  mef-od  ''-.r  • 

simulation  needs,  takir.^  into  accoGS^?he\e-S?a 
shiulated!'  “  ““  ‘  '-te  nr-m  task  “  i; 
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